Synthesis of Metal Oxide Nanostructures and Their Applications as Lithium Ion Battery Anodes by CHEN YU
  
SYNTHESIS OF METAL OXIDE NANOSTRUCTURES AND THEIR 














A THESIS SUBMITTED  
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY (PH.D) 
DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING 






I hereby declare that this thesis is my original work and it has been written by me in 
its entirety. I have duly acknowledged all the sources of information which has been 
used in this thesis. 







Chen Yu     




LIST OF PUBLICATIONS 
The Majority of this thesis work has been published in various international 




, B. Song, R. M. Chen, L. Lu and J. M. Xue, A Study of Superior 
Electrochemical Performances of 3 nm SnO2 Nanoparticles Supported by 




, B. Song, X. Tang, L. Lu and J. M. Xue, Ultra-Small Fe3O4 Nanoparticle 
/MoS2 Nanosheet Composites with Superior Performances for Lithium Ion 
Batteries, Small, DOI: 10.1002/smll.201302879 (2014). 
Y. Chen
4. 
, B. Song, L. Lu and J. M. Xue, Fe3O4 Nanoparticles Embedded in 
Uniform Mesoporous Carbon Spheres for Superior High Rate Battery Application, 
Advanced Functional Materials, 24, 319-326 (2014). 
Y. Chen
5. 
, B. Song, L. Lu and J. M. Xue, Ultra-small Fe3O4 Nanoparticle 
Decorated Graphene Nanosheets with Superior Cyclic Performance and Rate 
Capability, Nanoscale, 5, 6797-6803 (2013). 
Y. Chen, B. Song, L. Lu and J. M. Xue, Synthesis of Carbon Coated 
iii 
 
Fe3O4/SnO2 Composite Beads and Their Application as Anodes for Lithium Ion 
Batteries,  Materials Technology: Advanced Performance Materials, 28, 
254-259 (2013). Invited paper 
6. Y. Chen
7. 
, B. Song, X. Tang, L. Lu and J. M. Xue, One-step Synthesis of Hollow 
Porous Fe3O4 Beads-Reduced Graphene Oxide Composites with Superior Battery 
Performance, Journal of Materials Chemistry, 22, 17656-17662 (2012). (Most 
Read Articles in Jul. 2012: No. 3) 
Y. Chen
8. 
, H. Xia, L. Lu and J. M. Xue, Synthesis of Porous Hollow Fe3O4 Beads 
and Their Applications in Lithium Ion Batteries, Journal of Materials Chemistry, 
22, 5006-5012 (2012). (Most Read Articles in Feb. 2012: No. 1) 
Y. Chen
9. X. Tang, Q. Tay, Z. Chen, 
, Q. Z. Huang, J. Wang, Q. Wang and J. M. Xue, Synthesis of 
Monodispersed SnO2@C Composite Hollow Spheres for Lithium Ion Battery 
Anode Applications, Journal of Materials Chemistry, 21, 17448-17453 (2011). 
(Most Read Articles in Oct. 2011: No. 7) 
Y. Che n
 
, G. K. L. Goh and J. M. Xue, 
CuInZnS-Decorated Graphene Nanosheets for Highly Efficient 
Visible-Light-Driven Photocatalytic Hydrogen Production, Journal of Materials 




10. X. Tang, Q. Tay, Z. Chen, Y. Chen
Conference presentation: 
, G. K. L. Goh and J. M. Xue, Cu–In–Zn–S 
Nanoporous Spheres for Highly Efficient Visible-Light-Driven Photocatalytic 
Hydrogen Evolution, New Journal of Chemistry, 37, 1878-1882 (2013). 
Y. Chen, B. Song, L. Lu and J. M. Xue, Fe3O4/Graphene Composite for Advanced 
Lithium Ion Battery Anode Application, 2013 MRS Spring Meeting,  April 1-5, 2013, 




First of all, I would like to give my deepest gratitude to Dr. Xue Junmin. He 
supervised my FYP study, and encouraged me to pursue higher degrees. He was more 
than a teacher to me since then. I deeply appreciate his supervision, guidance, advice, 
and encouragement throughout my Ph.D study. His knowledge, expertise, and 
scientific attitude are the foundation for this work. It is a great honor of mine to carry 
out my Ph.D study under his supervision. 
In addition, I would like to express my sincere gratitude to Prof. John Wang. I 
thank him for giving me the chance to carry out Ph.D study in this department. His 
trust in me has been a great motivation for my graduate study.  
Also, I wish to express my great appreciation to Prof. Lu Li and Mr. Song 
Bohang from department of Mechanical Engineering. Their knowledge and efforts on 
electrochemical measurements make the completion of this work possible. 
Besides, I extend my thanks to my labmates, Dr. Eugene Choo, Dr. Sheng Yang, 
Dr. Yuan Jiaquan, Dr. Tang Xiaosheng, Mr. Li Meng, Mr. Erwin, Mr. Vincent Lee, Ms. 
Wang Fenghe, and Dr. Leng Mei for their cooperation and discussion. My thanks also 
go to all lab technologists in my department for their coordination and assistance. 
Finally, I would like to give my appreciation to my family for their 
encouragements, supports, and understandings that help to complete this thesis work.  
vi 
 
TABLE OF CONTENTS 
Declaration  ..................................................................................................................... i
List of Publications   ...................................................................................................... ii
Acknowledgements   ...................................................................................................... v
Table of Contents   ........................................................................................................ vi
Summary   ....................................................................................................................... x
List of Figures   ............................................................................................................. xii
List of Abbreviations   ................................................................................................. xix
CHAPTER 1: Introduction   ......................................................................................... 1
1.1 Overview of Lithium Ion Batteries   ................................................................... 1
1.1.1 Principle of Operation   ............................................................................. 3
1.1.2 Current Status and Challenges   ................................................................ 4
1.2 Anode Materials of Lithium Ion Batteries   ........................................................ 6
1.2.1 Intercalation based anodes   ...................................................................... 8
1.2.2 Alloying based anodes   ............................................................................ 9
1.3.3 Conversion reaction based anodes   ........................................................ 11
1.3 Literature Review of Metal Oxide Anode Materials   ....................................... 12
1.3.1 Overview   ............................................................................................... 12
1.3.2 Tin Oxides as Anode Materials   ............................................................. 13
1.3.3 Iron Oxides as Anode Materials   ............................................................ 14
1.3.4 Strategies to Enhance Electrochemical Performances of Metal Oxides
 ........................................................................................................................ 15
1.4 Project Motivations and Designs   .................................................................... 22
1.5 Research Objectives   ........................................................................................ 25
1.6 Thesis Outline   ................................................................................................. 25
CHAPTER 2: Experimental   ..................................................................................... 27
2.1 Materials   ......................................................................................................... 27
2.2 Materials Synthesis   ......................................................................................... 28
2.3 Characterizations  ............................................................................................. 28
2.3.1 Morphological Study   ............................................................................ 28
2.3.2 Chemical Analysis   ................................................................................ 29
vii 
 
2.3.3 Thermogravimetric Analysis   ................................................................. 30
2.3.4 Electrochemical Measurements   ............................................................ 30
CHAPTER 3: Carbon Coated Hollow SnO2 Beads with Enhanced Cyclic 
Stabilities   ..................................................................................................................... 31
3.1 Motivations and Design of Experiment   .......................................................... 31
3.2 Synthesis of Carbon Coated Tin oxide (SnO2@C) Hollow Spheres   .............. 34
3.2.1 Synthesis of PVP-Modified Polystyrene (PS) Beads   ........................... 34
3.2.2 Synthesis of Tin Oxide coated Polystyrene (PS@SnO2) Beads   ........... 34
3.2.3 Synthesis of Tin Oxide hollow spheres   ................................................. 35
3.2.4 Synthesis of Carbon coated Tin oxide (SnO2@C) Hollow Spheres   ..... 35
3.2.5 Electrochemical Measurements for SnO2@C   ....................................... 35
3.3 Preparation Scheme of SnO2@C Beads  .......................................................... 36
3.4 Characterizations of Carbon Coated Hollow SnO2 Beads   .............................. 37
3.5 Effect of Carbon Coating on Structural Integrities   ......................................... 41
3.6 Electrochemical Analysis of SnO2@C   ............................................................ 43
3.7 Remarks   .......................................................................................................... 46
CHAPTER 4: Carbon Coated Porous Hollow Fe3O4 Beads with Improved Cyclic 
Stabilities   ..................................................................................................................... 47
4.1 Motivations and Design of Experiment   .......................................................... 47
4.2 Synthesis of Carbon Coated Porous Hollow Fe3O4 beads (Fe3O4/C)   ............. 48
4.2.1 Preparation of Porous Hollow Magnetite (Fe3O4) Beads   ..................... 48
4.2.2 Preparation of Carbon Coated Magnetite (Fe3O4/C) Beads   .................. 49
4.2.3 Electrochemical Measurements for Fe3O4/C   ........................................ 49
4.3 Morphological Characterization of Porous Hollow Fe3O4 Beads   ................... 50
4.4 Formation Mechanism of Porous Hollow Fe3O4 Beads   ................................. 52
4.4.1 Morphological Characterization of Porous Hollow Fe3O4 Beads at 
Different Reaction Stages   .............................................................................. 52
4.4.2 Magnetic Reponses of Porous Hollow Fe3O4 Beads at Different 
Reaction Stages   .............................................................................................. 55
4.4.3 Schematic Illustration of Porous Hollow Fe3O4 Beads Formation   ....... 56
4.5 Characterizations of Carbon Coating   .............................................................. 57
4.5.1 Morphological Characterizations   .......................................................... 57
4.5.2 Chemical Analysis   ................................................................................ 59
4.6 Synthesis of Porous Hollow α-Fe2O3 Beads   ................................................... 60




4.8 Morphological Changes After Cycling   ........................................................... 65
4.9 Remarks   .......................................................................................................... 66
CHAPTER 5: Hollow Porous Fe3O4 Beads/reduced Graphene Oxide Composites 
with Superior Capacity Retention Properties   ......................................................... 68
5.1 Motivations and Design of Experiment   .......................................................... 68
5.2 Synthesis of rGO Incorporated Porous Hollow Fe3O4 Beads (Fe3O4/rGO)   ... 70
5.2.1 Preparation of GO   ................................................................................. 70
5.2.2 Synthesis of rGO Incorporated Porous Hollow Fe3O4 Beads 
(Fe3O4/rGO)   ................................................................................................... 70
5.2.3 Synthesis of rGO   ................................................................................... 71
5.2.4 Electrochemical Measurements for Fe3O4/rGO   .................................... 71
5.3 Morphological Characterization of Fe3O4/rGO   .............................................. 72
5.4 Synthesis Mechanism  ...................................................................................... 74
5.5 Characterizations of GO and rGO   ................................................................... 75
5.6 Chemical and Porosity Characterization of Fe3O4/rGO   .................................. 77
5.7 Electrochemical Performances of Fe3O4/rGO   ................................................ 80
5.8 Remarks   .......................................................................................................... 87
CHAPTER 6: Fe3O4 nanoparticles embedded in uniform mesoporous carbon 
spheres for superior high rate battery applications  ................................................ 88
6.1 Motivation and Design of Experiment   ............................................................ 88
6.2 Synthesis of Uniform Mesoporous Carbon Spheres embedded by Fe3O4 
Nanoparticles (IONP@mC)   .................................................................................. 90
6.2.1 Synthesis of Water-soluble Fe3O4 Nanoparitlces (IONP)   ..................... 90
6.2.2 Synthesis of Iron Oxide Nanoparticles Embedded in Polymeric 
Composite (IONP@PC)   ................................................................................. 90
6.2.3 Synthesis of Iron Oxide Nanoparticles Embededd in Mesoporous 
Carbon Beads (IONP@mC)   .......................................................................... 91
6.2.4 Electrochemical Measurements for IONP@mC   ................................... 91
6.3 Synthesis Scheme  ............................................................................................ 92
6.4 Morphological Characterizations   .................................................................... 95
6.5 Porosity Characterizations   ............................................................................ 100
6.6 Chemical Analysis   ........................................................................................ 103
ix 
 
6.7 Electrochemical Characterizations   ................................................................ 104
6.7.1 Electrochemical Performances of IONP/mC   ...................................... 104
6.7.2 Comparison with other reported Fe3O4/G Anodes   .............................. 110
6.7.3 Morphological Effect on the battery performances of IONP@mC   .... 111
6.7.4 Effect of IONP Percentage on Electrochemical Performances of 
IONP@mC   ................................................................................................... 112
6.7.5 Effect of Carbonization Temperature on the Electrochemical 
Performances of IONP@mC   ....................................................................... 113
6.7.6 Morphological Characterizations of IONP@mC after Electrochemical 
Tests   ............................................................................................................. 116
6.8 Remarks   ........................................................................................................ 118
CHAPTER 7: Ultra-small Fe3O4 nanoparticles-decorated graphenes with 
superior cyclic performance and rate capability   .................................................. 120
7.1 Motivation and Design of Experiment   .......................................................... 120
7.2 Synthesis of Ultra-small Fe3O4 nanoparticles decorated graphenes (USIO/G)
 ............................................................................................................................. 123
7.2.1 Preparation of GO   ............................................................................... 123
7.2.2 Synthesis of Ultra-small Fe3O4 nanoparticles decorated graphenes 
(USIO/G)  ...................................................................................................... 123
7.2.3 Electrochemical Measurements for USIO/G   ...................................... 124
7.3 Synthesis Scheme  .......................................................................................... 124
7.4 Characterization of USIO/G   ......................................................................... 125
7.5 Chemical Analysis   ........................................................................................ 130
7.6 Porosity Characterization of USIO/G   ........................................................... 132
7.7 Electrochemical Performances of USIO/G   ................................................... 133
7.8 Remarks   ........................................................................................................ 140
CHAPTER 8: Conclusions and Recommendations for Future Works   ............... 141
8.1 Project Conclusions   ...................................................................................... 141
8.2 Recommendations for Future Works   ............................................................ 148
8.2.1 Ultra-Small Tin Oxide and Graphene Composite   ............................... 148
8.2.2 Synergistic Effect between Iron Oxide and Tin Oxide   ....................... 150






Lithium ion batteries (LIBs) have been extensively studied owing to their 
growing importance as one of the major power sources for various commonly used 
applications, ranging from portable electronics to electrical automobiles. Anode, as 
one of the crucial components of a LIB, controls every aspect of the performance for a 
LIB. Graphite, developed back in 1991 by SONY, still dominate the anode market due 
to its relative stable performance, low cost and safety. However, to meet the fast 
developing technologies, the performances of graphite, especially in term of capacity 
(with a theoretical value of 372 mAh g-1), must be greatly enhanced.  
Metal oxides, as potential LIB anode materials, have attracted great interest in 
both scientific and industrial fields due to their much higher theoretical capacities than 
that of graphite. In this thesis, two metal oxides, namely tin oxide (SnO2) and iron 
oxide (Fe3O4), are studied as the active components for LIB anodes. Based on 
alloying and conversion reaction mechanisms, SnO2 and Fe3O4 are able to deliver 
theoretical capacities of 790 and 922 mAh g-1, respectively. However, due to their 
intrinsic limitation of large volume changes during the lithium ion intake/release, the 
electrodes consisting only metal oxides experience extremely fast fading in capacities 
due to the breakdown of electron pathways within electrodes. Therefore, one focus of 
this thesis is to enhance the cycle stability of metal oxide based electrodes without 
compromising their high theoretical capacities too much. Besides, in order to meet 
xi 
 
current and emerging technologies with fast charging/discharge abilities, the other 
focus of this thesis is to enhance the rate capability of metal oxides containing anodes.  
The solutions proposed in this thesis are: (1) to reduce the active metal oxides to 
nano-size to better accommodate the volume changes of metal oxides and improve the 
rate of lithium insertion/removal; (2) to synthesize metal oxides possessing specially 
designed morphologies to alleviate the negative effect originating from the volume 
changes; (3) to incorporate carbonaceous materials to enhance the electrode 
conductivities, further buffering the volume change of metal oxides, and providing 
additional lithium storage sites. Thus, enhanced electrochemical performances, in 
terms of reversible capacity, rate capability, and cyclic stability, are expected. 
This thesis contains five parts to elaborate the synthesis and performances of 
various metal oxides based anodes. The first two parts focus on the synthesis of SnO2 
and Fe3O4 combined with glucose-derived carbon, respectively, with the major 
purpose to deliver higher stable reversible capacities over that of graphite. The third 
part presents the study on the incorporation of reduced graphene oxide (rGO) into 
Fe3O4 beads, showing extremely satisfactory cycling performance. The fourth part 
introduces the concept of ultra-small Fe3O4 (USIO) particles. By embedding them in 
ordered mesoporous carbon beads, the composite electrode demonstrated superior 
high rate performances. The firth part combines the USIO particles with rGO 
demonstrating satisfactory performances in all three terms of capacity, rate capability, 




LIST OF FIGURES 
Figure 1-1: Comparison of different battery technologies in terms of volumetric and 
gravimetric energy densities.[6]   ...................................................................................... 3
Figure 1-2: Schematic representation of the operation principles of a LIB.   .................. 4
Figure 1-3: Changes of 18650 LIB cells production over years.[9]   ................................ 5
Figure 1-4: Morphology change of an electrode consisting of SnO2 nanoparticles (A) 
before and (B) after the 50 cycles.[49]   ........................................................................... 11
Figure 1-5: Schematic representation of (A) graphene and (B) graphene oxide 
structures.   ..................................................................................................................... 21
Figure 3-1: Schematic representation of the preparation of SnO2@C hollow spheres 
through a template-assisted method: (A) PVP-modified PS beads; (B) PS@SnO2 
beads; (C) PS@SnO2@GCP composite beads; and (D) SnO2@C hollow spheres.   .... 37
Figure 3-2: SEM images of the as-synthesized (A) PS beads, (B) PS@SnO2 core/shell 
composite beads, (C) PS@SnO2@GCP composite beads, and (D) SnO2@C hollow 
spheres.  ......................................................................................................................... 38
Figure 3-3: (A, and B) TEM images, (C, and D) HRTEM images, (E) SAED, (F) EDX 
data, (G) XRD Pattern, and (H) Raman Spectra of as-synthesized SnO2@C hollow 
spheres. (Inset of H) Digital picture of SnO2 hollow spheres (light yellow) and 
SnO2@C hollow sphere (black) solutions.   .................................................................. 40
Figure 3-4: SEM images of (A) SnO2 hollow spheres. (B) SnO2 and (C) SnO2@C 
hollow spheres after store in ethanol at room temperature for one month. (D) TGA 
curve of SnO2@C hollow spheres.   .............................................................................. 42
Figure3-5: (A) Cyclic voltammograms for SnO2@C hollow spheres showing the first 
two cycles between 3 V and 5 mV at a scan rate of 0.05 mV s-1. (B) Discharge and 
charge capacity (lithium storage) vs. cycle number between 2V and 5mV, (I) SnO2@C 
hollow spheres with a current of 100 mA g-1 (solid and hollow triangle), (II) SnO2@C 
hollow spheres with a current of 500 mA g-1 (solid and hollow diamond), (III) SnO2 
xiii 
 
hollow spheres with a current of 100mA g-1 (hollow square and cross). The dash line 
is the theoretic capacity of graphite. ............................................................................ 44 
Figure 4-1: (A, B) SEM images of the as-prepared Fe3O4 beads. Inset of A: the 
diameter distribution of the as-prepared Fe3O4 beads. (C, D) TEM images of the 
as-prepared Fe3O4 beads. (E) HRTEM of the highlighted region in D. (F) SAED 
pattern of the as-prepared Fe3O4 beads.   ....................................................................... 51
Figure 4-2: SEM images of the products collected at different intervals: (A) 5 hours, 
(B) 9 hour, (C) 19 hours, (D) 1 day, (E and its inset) 2 days, and (F and its inset) 4 
days. All scale bars (including the one in insets) are 200 nm. (G) Corresponding XRD 
patterns of the products collected at different intervals. Dash lines correspond to the 
standard peaks’ position of cubic magnetite structure. Solid line shows the 
characteristic peak of Fe2O3 H2O phase.   ..................................................................... 54
Figure 4-3: Digital images of products in ethanol obtained at different reaction 
intervals (A) without and (B) with a magnetic field.   ................................................... 55
Figure 4-4: Schematic representation of the formation of porous hollow Fe3O4 beads. 
Purple and yellow particles correspond to Fe2O3 and Fe3O4 phase, respectively.   ....... 56
Figure 4-5: (A and its inset) SEM images of Fe3O4/C beads. Scale bar of inset: 200 
nm. (B) TEM images of a Fe3O4/C bead. Inset: magnified surface morphology of 
Fe3O4/C bead. Scale bar of inset: 20 nm. (C) TGA curves of the as-obtained Fe3O4 
and Fe3O4/C beads.   ...................................................................................................... 57
Figure 4-6: TEM image of the surface of a bare Fe3O4 bead.   ...................................... 59
Figure 4-7: XPS spectra of (A) C 1s, (B) O 1s and (C) Fe 2p of bare Fe3O4 beads   .... 60
Figure 4-8: (A, B) SEM images and (C) corresponding XRD pattern of the 
as-obtained 𝛂-Fe2O3 beads.  ......................................................................................... 61
Figure 4-9: (A) The discharge/charge profiles of Fe3O4/C composite beads at a current 
density of 100 mA g-1. (B) Discharge and charge capacity (lithium storage) vs. cycle 
number between 3V and 5mV, (I) Fe3O4/C composite beads with a current density of 
100 mA g-1 (solid and hollow triangles), (II) Fe3O4/C composite beads with a current 
density of 500 mA g-1 (solid and hollow squares), (III) hollow Fe3O4 beads with a 
xiv 
 
current density of 100 mA g-1 (solid and hollow spheres), (IV) bare Fe2O3 beads with 
a current density of 100 mA g-1 (solid and hollow diamonds), (V) solid Fe3O4 beads 
with a current density of 100 mA g-1 (solid and hollow dots). The dash line is the 
theoretic capacity of graphite. ...................................................................................... 63 
Figure 4-10: (A) The typical morphology of a broken Fe3O4 bead and (B) an intact 
Fe3O4/C bead found after 50 cycles of charging/discharging.   ..................................... 66
Figure 5-1: (A) Low magnification and (B) high magnification SEM images of the 
as-obtained Fe3O4/rGO composites. SEM images of typical (C and its inset) 
half-spherical and (D and its inset) spherical Fe3O4 beads. Scale of insets: 200 nm. (E) 
Low magnification TEM image of a single Fe3O4 bead on rGO sheet. Inset: high 
magnification TEM image of the highlighted region in E. Scale of inset: 2 nm. (F) 
XRD pattern of Fe3O4/rGO composite. Inset: magnified (002) peak originated from 
rGO sheets.   ................................................................................................................... 73
Figure 5-2: Schematic illustration of Fe3O4/rGO composites via solvothermal route.   75
Figure 5-3: (A) Low magnification SEM image of the obtained GO sheets. (B) AFM 
image of GO sheet with height profile. (C) Low magnification TEM image of rGO 
sheet at the vicinity of a Fe3O4 bead. (D) High magnification TEM image of the 
highlighted region in C. Inset: SAED pattern of rGO sheet.   ....................................... 77
Figure 5-4: XPS spectra of C 1s from (A) GO and (B) Fe3O4/rGO. (C) Raman spectra 
of GO (red) and Fe3O4/rGO (black). (D) Nitrogen adsorption and desorption isotherm 
of Fe3O4/rGO composite.   ............................................................................................. 79
Figure 5-5: (A) Discharge/charge profiles of Fe3O4/rGO composite electrode for the 
first five cycles. (B) Cycling performance of Fe3O4/rGO composite beads (blue solid 
and hollow spheres), and bare Fe3O4 beads (red solid and hollow diamonds). (C) 
Cycling performance of composite electrode obtained through mechanical mixing 
Fe3O4 beads and rGO sheets. (D) Cycling performance of pure rGO. Inset: 
Discharge/charge profiles of rGO electrode for the first two cycles. All curves 
presented in this figure were tested between 3V and 50mV with a current density of 
100 mA g-1.  ................................................................................................................... 81
xv 
 
Figure 5-6: TGA curves of the obtained Fe3O4/rGO composite.   ................................. 82
Figure 5-7: SEM images of the obtained bare Fe3O4 beads.   ........................................ 83
Figure 5-8: (A), (B) SEM images of solvothermally obtained Fe3O4/rGO composite 
after cycling. (C), (D) SEM images of bare Fe3O4 beads after cycling   ....................... 84
Figure 5-9: SEM images of obtained Fe3O4/rGO mixture obtained by mechanical 
mixing.   ......................................................................................................................... 85
Figure 5-10: Rate capability of Fe3O4/rGO composites and (B) bare Fe3O4 beads 
electrodes at various current densities between 50 and 2000 mA g-1.   ......................... 87
Figure 6-1: Schematic representation of the formation of IONP@mC-600. (A) IONPs 
and F127 micelles, (B) resol-Fe3O4 and resol-F127 monomicelles, (C) IONP@PC, (D) 
IONP@mC, (E) cross section of IONP@mC, and (F) magnified representation of a 
channel of IONP@mC.   ................................................................................................ 93
Figure 6-2: (A) TEM image and (B) SAED pattern of ultra-small water-soluble 
IONPs.   .......................................................................................................................... 94
Figure 6-3: TEM images of IONP@PC (A-C) and IONP@mC-600 (D-F). Insets of B 
and D: magnified TEM images of one IONP@PC and IONP@mC-600. Insets of C 
and F: SAED patterns of IONP@PC and IONP@mC-600.   ........................................ 95
Figure 6-4: Particle size distributions of (A) IONP@PC and (B) IONP@mC-600.   ... 96
Figure 6-5 TEM images of IONP@mC-600 with different incorporated IONPs 
amount. (A, B) Mesoporous carbon spheres without IONP incorporated (mC-600). (C, 
D) IONP@mC-600-1 and (E, F) IONP@mC-600-2 were two sets of samples with 
increasing IONP content, both of which were lower than that of IONP@mC shown in 
Figure 1D-1F.   ............................................................................................................... 98
Figure 6-6: (A, B) TEM images and (inset of B) SAED pattern of IONP@mC-450.   . 99
Figure 6-7: XRD patterns of IONP@PC (lower black line) and IONP@mC-600 
(upper red line).   .......................................................................................................... 100
Figure 6-8: (A) Nitrogen sorption isotherms, (B) corresponding pore size distribution 
curves, and (C) Structural and textual properties of (a) mC-600, (b) IONP@mC-600, 
(c) IONP@mC-450, and (d) IONP@PC.   ................................................................... 101
xvi 
 
Figure 6-9. TGA curves of IONP@mC-600 (red), IONP@mC-450 (blue), and 
IONP@PC (green).   .................................................................................................... 102
Figure 6-10: XPS spectra of (A) IONP@PC and (C) IONP@mC-600. High resolution 
XPS spectra of C1s from (B) IONP@PC and (D) IONP@mC-600.   ......................... 103
Figure 6-11: (A) XPS and (B) high resolution XPS spectra of C1s from 
IONP@mC-450.   ........................................................................................................ 104
Figure 6-12: Electrochemical performances of IONP@mC-600, IONP@mC-450, and 
IONP@PC. Charge/discharge profiles of IONP@mC-600 at (A) current densities of 
500 mA g-1 and (B) higher rates from 1000 to 10000 mA g-1. Rate capability tests of 
IONP@mC-600 (blue sphere), IONP@mC-450 (red diamond), mC-600 (orange 
square), and mC-450 (green triangle) (C) from 500 to 2000 mA g-1, and (D) from 
3000 to 10000 mA g-1. (E) Subsequent cycling tests of IONP@mC-600 and 
IONP@mC-450 at 2000 mA g-1 for 500 cycles.   ........................................................ 105
Figure 6-13: Comparison of the battery performances between IONP@mC and 
reported Fe3O4/graphene composites at current densities above 1000 mA g-1.[83, 131, 142, 
145, 146, 174, 175]   ............................................................................................................... 110
Figure 6-14: TEM images of (A, B) IONP@PC and (C, D) IONP@mC-600 with 
higher Fe3O4 percentage.   ........................................................................................... 112
Figure 6-15: Electrochemical performances of of IONP@mC-600 (blue sphere) and 
IONP@mC-600 with higher Fe3O4 percentage (orange triangle) (A) from 500 to 2000 
mA g-1, and (B) from 3000 to 10000 mA g-1.   ............................................................ 113
Figure 6-16: High resolutin XPS spectra of C1s from (A) IONP@mC-750 and (B) 
IONP@mC-900. TEM image of (C) IONP@mC-750 and (D) IONP@mC-900.   ..... 114
Figure 6-17: Electrochemical performances of IONP@mC-600 (blue sphere), 
IONP@mC-450 (red diamond), IONP@mC-750 (purple triangle), and 
IONP@mC-900 (yellow square) (A) from 500 to 2000 mA g-1, and (B) from 3000 to 
10000 mA g-1.   ............................................................................................................ 115




Figure 6-19: (A, B) SEM and (C, D) TEM images of IONP@mC-600 beads after 790 
cycles of charge/discharge with the current densities ranged from 500 to 10000 mA 
g-1.   .............................................................................................................................. 116
Figure 6-20: (A) Comparison of XRD patterns of IONP@mC-600 electrodes (on Cu 
foil) before and after 1 cycle of charge/discharge. (B) X-ray diffraction pattern of 
IONP@mC-600 beads after 790 cycles of charge/discharge with the current densities 
ranged from 500 to 10000 mA g-1.  ............................................................................. 118
Figure 7-1: Schematic illustration of the formation process of USIO/G.   .................. 125
Figure 7-2: (A-D) TEM images of the as-obtained ultra-small iron oxide/graphene 
(USIO/G) composites before annealing. Inset of C: SAED pattern of USIO/G. Inset of 
D: high resolution TEM image of selected area in D. (E) TEM image, (inset of A) 
HRTEM image, and (F) SAED pattern of annealed USIO/G composites.   ................ 126
Figure 7-3: (A) SEM image of USIO/G and the corresponding EDS mapping in the 
same area with relative intensities of (B) carbon, (C) iron, and (D) oxygen.   ............ 127
Figure 7-4: Size distribution of Fe3O4 particles (A) before and (B) after annealing.   129
Figure 7-5: Thermogravimetric curve of the annealed USIO/G composite.   ............. 129
Figure 7-6: XRD pattern of the annealed USIO/G composites.   ................................ 130
Figure 7-7: High resolution XPS spectra of C1s from USIO/G (A) before and (B) after 
annealing.   ................................................................................................................... 131
Figure 7-8: High resolution XPS spectrum of C1s from GO.   .................................... 132
Figure 7-9: XPS spectrum of Fe2p obtained from USIO/G   ...................................... 132
Figure 7-10: Nitrogen adsorption and desorption isotherms of USIO/G (A) before and 
(B) after annealing.   .................................................................................................... 133
Figure 7-11. Charge-discharge profiles of the annealed USIO/G composite: (A) first 
four cycles at a current density of 90 mA g-1, and (B) first cycles at various current 
densities. (C) Rate capability test and (D) subsequent cyclic test of the annealed 
USIO/G anode.   ........................................................................................................... 135
Figure 7-12: Charge-discharge profiles of the annealed USIO/G composites at first 
two cycles after current density restored to 1800 mA g-1 (corresponding to total cycle 
xviii 
 
numbers of 921st and 922nd). ...................................................................................... 137 
Figure 7-13: Cycling performance of pure ultra-small iron oxide (USIO) under 
different current densities. Red circle: 100 cycle under current density of 100 mA g-1. 
Blue diamond: first 3 cycles at 50 mA g-1, subsequent 3 cycles at 100 mA g-1, 
followed by 94 cycles at 500 mA g-1.   ........................................................................ 140
Figure 8-1: Summary of electrochemical performances for the metal 
oxides/carbonaceous materials composites in this thesis.   .......................................... 145
Figure 8-2: Comparison of rate capability of different composites in this thesis.   ..... 147
Figure 8-3: (A) SEM image of USTO/G and the corresponding EDS mapping in the 
same area with relative intensities of (B) tin, (C) carbon, and (D) oxygen.   .............. 149
Figure 8-4: (A) TEM and (B) high resolution TEM images of ultra-small USTO/G 
composites.  ................................................................................................................. 150
Figure 8-5: SnO2 Nanoparticles grown on hollow porous Fe3O4 beads at different time 
intervals: (A1) 0 h. (A2) 2 h, (A3) 5 h, and (A4) 8 h. SnO2 nanorods grown on hollow 
porous Fe3O4 beads at different time intervals: (B1) 0 h, (B2) 2 h, (B3) 5 h, and (B4) 8 
h.  ................................................................................................................................. 152
Figure 8-6: (A) SEM image of USIO/USTO/G and the corresponding EDS mapping 
in the same area with relative intensities of (B) carbon, (C) oxygen, (D) iron, and (E) 
tin. (F) EDS spectrum with table presenting weight and atomic percentages for 





LIST OF ABBREVIATIONS 
ABCVA - 4, 4’-Azobis (4-cyanovaleric acid) 
AFM – Atomic Force Microscope 
BET - Brunauer-Emmett-Teller 
C – Carbon 
DDA – Dodecylamine 
DEC - Diethyl Carbonate 
DHAA –Dehydroascorbic Acid 
DMC – Dimethyl Carbonate 
EC - Ethylene Carbonate 
EDS - Energy-dispersive spectroscopy 
G – Graphene 
GO - Graphene Oxide 
IONP – Iron Oxide Nanoparticle 
LIB - Lithium Ion Battery 
mC – Mesoporous Carbon 
NMP - n-Methyl-2-Pyrrolidone 
PC – Polymeric Composite 
PS – Polystyrene 
PVDF - Polyvinylidene Fluoride 
PVP - Polyvinylpyrrolidone 
rGO - Reduced Graphene Oxide 
SEM – Scanning Electron Microscope 
xx 
 
TEM – Transmission Electron Microscope 
TGA – Thermogravimetric Aanalysis 
USIO – Ultra-Small Iron Oxide 
USTO – Ultra-Small Tin Oxide 
XPS – X-Ray Photoelectron Spectroscope 





CHAPTER 1: INTRODUCTION 
1.1 OVERVIEW OF LITHIUM ION BATTERIES 
It is currently widely recognized that the green house gases, which are emitted 
from traditional power sources based on combustion reactions, not only pollute the air 
that shared by every living creature, but also creating a serious consequence of global 
warming.[1] Such fact concentrates attention to the search of renewable energies as 
alternative energy sources.[2] Nuclear reactor, which has been considered as a 
promising candidate for future power source, showed its disastrous shortcoming in 
recent tragedy in Fukushima nuclear plant, Japan.[3] As other currently available 
renewable energy sources, solar radiation, geothermal energy, wind, and waves vary 
in both time and space.[4] Therefore, batteries, as electrical energy storage devices, are 
necessary to store the unstable energy deliver from all of these energy sources. 
Furthermore, electrical energy, delivered directly from batteries, is readily available in 
most industrial and domestic usages. Besides, compared with traditional power 
sources based on combustion reaction, batteries do not have any carbon dioxide 
emission which is considered as a major factor in undesirable global climate changes.  
Lithium ion batteries (LIBs), as a type of secondary battery (rechargeable 
battery), have attracted tremendous attention during recent years, owning to their 
dominating advantages over traditional batteries.[5] Besides light weight, LIBs do not 
suffer from any memory effect, which is the term that describes permanent loss in 
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capacity if the battery is recharged without being fully discharged. Furthermore, 
compared with other rechargeable batteries, LIB has the lowest self-discharge rate. 
Therefore, LIBs have already been chosen to be the power sources of various 
applications, ranging from a tiny music player to a massive sport car. More 
importantly, compared with other currently available battery technologies, LIBs have 
outstanding performances in term of energy density.[6] Figure 1-1 shows the 
comparison of different battery technologies in term of volumetric and gravimetric 
energy densities. These two terms shown on two axes, namely electrical energies per 
unit mass (Wh kg-1) and per unit volume (Wh L-1), are directly linked to the cell 
capacity (Ah kg-1) of a functioning LIB cell. The lithium metal battery technology, 
which lies at the top right corner in, has been reported to have severe safety concerns 
due to the dendritic lithium growth on lithium electrode surface as the lithium 
redeposit on it,[7] thus leaving the LIB as the available technology with highest energy 
density. Unsurprisingly, LIB is now dominating the secondary battery market. For 
example, in April 2013, LIBs account for over 55% of the production of all secondary 




Figure 1-1: Comparison of different battery technologies in terms of volumetric and 
gravimetric energy densities.[6] 
1.1.1 PRINCIPLE OF OPERATION 
In practical, each LIB usually consists of many electrochemical cells connecting 
in parallel or in series. The electrical energies are stored within each cell in forms of 
chemical energies. Through electrochemical reactions, these two forms of energies 
can be converted into each other.  
Figure 1-2 shows the schematic representation of the interior structures and 
operation principles of a LIB. There are three major components in a typical LIB: 
positive electrode (cathode), negative electrode (anode), and electrolyte that separates 
the two electrodes. During a charge process, an external voltage is applied and the 
lithium ions move from cathode to anode through electrolyte; meanwhile, electrons 
move in the same directions through external circuit to maintain the charge balance. 





Figure 1-2: Schematic representation of the operation principles of a LIB.  
Due to the difference in electrochemical potentials between the two electrodes, 
lithium ions are released by the anode and move to the cathode. Such movement is 
compensated by the electron diffusion in the same direction through external circuit 
passing the connecting device. Therefore, external electrical energy converts to 
chemical energy when the battery is charged and converts back when the battery is 
discharged. Due to the reversibility of the electrochemical reactions occurring at both 
electrodes, LIBs are rechargeable. The basic criterion for the electrodes is that they 
can reversibly uptake/release lithium ions; while the electrolyte should be a good 
ionic conductor and also an electronic insulator. 
1.1.2 CURRENT STATUS AND CHALLENGES 
Owing to its unambiguous advantages over other existing battery technologies, 
LIB has been recording with increasing production each year.  
Figure 1-3 shows the overall capacities of the production of commonly used 
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18650 cells (18650 indicates the battery size: with approximately 18 mm in diameter 
and 65 mm in length), demonstrating an increasing trend over years.[9] However, the 
performance of current LIB technology greatly inhibits its further utilization in 
various applications. The development process of LIB is far behind those in electronic 
and automotive industries. Nowadays, it is commonly seen that a smart phone runs 
out of battery in less than a single day. For automotive industry, great effort has been 
put in for the replacement of traditional combustion engine with electrical motor, 
which requires high performance LIBs. Hybrid cars, as a transition product between 
the two states, have been under quick development in recent years. According to a 
report in Economist, the money being invested in research of LIBs is more than all 
other battery chemistries combined. As expected, the worldwide market for 
hybrid-vehicles’ batteries should triple by the year of 2015.[10] More importantly, as 
expected, the LIB used in each car should at least double by that time. This requires 
next generation of LIBs with even higher performances.  
 
Figure 1-3: Changes of 18650 LIB cells production over years.[9] 
In a LIB, the two electrodes are the components where the lithium ions are stored. 
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Therefore, the capacity of a LIB is greatly dependent on the performance of the 
electrodes, namely cathode and anode. For the current generation of LIB, the 
commercially available cathode and anode are lithium cobalt oxide (LiCoO2) and 
graphite, with practical reversible capacities being around 140 and 360 mAh g-1,  
respectively.[11, 12] Such design is considered as the first generation of LIBs, which 
allows storing more than twice the energy compared to traditional nickel or lead 
batteries of same mass. However, in order to meet the current and emerging 
technologies, these values should be greatly enhanced.[6] Besides the capacity a LIB is 
able to provide, the cyclic stability is another important criterion to judge its 
performances.[13-15] Stable reversible capacity without fading too much upon hundreds 
of cycling is crucial to many applications. Furthermore, the rate capability, which 
indicates the ability of a LIB under high current densities, is becoming more and more 
important recently.[12, 16-18] A higher rate capability means a LIB can be charged in a 
shorter period of time, thus greatly enhance its conveniences in practical application, 
such as electric cars.  
1.2 ANODE MATERIALS OF LITHIUM ION BATTERIES 
As a crucial component that influences even every aspect of a LIB’s performance, 
anode material has been drawing increasing attention with the expansion applications 
of LIBs.[19] Graphite was firstly introduced by SONY as an anode material back in 
1991, and now is dominating the market by contribution over 97% of world LIB 
anode consumption.[5] Graphite has a layered structure with stacking 
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honeycomb-arranged carbon layers held together by Van Der Waals force. The 
interlayer distance of graphite is as large as 0.335 nm, providing the transportation 
channel and storage sites for lithium ions.[12] The charge/discharge process of graphite 
proceeds as follows: 
LixCn <-> x Li+ + x e- + Cn 
During a charge process, lithium ions from the electrolyte penetrate into the 
carbon layers and form a lithium/carbon intercalation compound, LixCn.[20] The 
insertion of lithium ions is a reversible process, so that they can be removed during 
the discharge process. Such process is known as intercalation mechanism, during 
which the overall dimension of graphite does not alter much, delivering relative stable 
capacities over cycles. Therefore, graphite has been recognized a promising choice for 
LIB anode. However, the theoretical gravimetric capacity of graphite is only 372 mAh 
g-1 (when Li6C is formed),[21] which is not nearly enough for the requirements of 
emerging technologies. Besides, graphite is also known for its poor rate capability, 
meaning its unsatisfactory performance under high charge/discharge current 
densities.[22] As a result, intensive search for better anode materials has been 
conducted.  
Through twenty-year development of LIBs intercalation electrode materials, 
many new cathode materials have been proposed as alternatives to LiCoO2.[23] 
LiNiO2,[24] LiMn2O4,[25] V2O5,[26, 27] and LiFePO4[28, 29] have all proven to be proper 
candidates of new generation LIB cathodes. Among them, LiFePO4 has already been 
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used in commercial products. Meanwhile, graphite remains as the dominating choice 
for anode. Indeed, graphite, based on intercalation mechanism, does not generate 
major structure changes during the reversible lithium ions intercalation, thus 
delivering a relative stable capacity. However, the nature of such intercalation 
mechanism also determines that only limited number of lithium ions can be 
accommodated by this type of materials, setting an intrinsic limitation in terms of 
capacity. Therefore, in order to reach a breakthrough in LIB performance, the search 
for new type of anode materials is a must.  
Based on different lithium ion insertion/removal mechanism, most newly 
proposed anode materials can be classified into three groups: (1) intercalation based 
materials, such as TiO2[30] and Li4Ti5O12[17]; (2) alloying based materials, such as Si,[31] 
Ge,[32] Sn,[33] and their oxides/composites; (3) conversion reaction based materials, 
including transition metal oxides,[34] nitrides[35] and sulfides.[36]  
1.2.1 INTERCALATION BASED ANODES 
This category of materials possesses layered structures, so that they have similar 
lithium insertion/removal mechanism as graphite. During charge/discharge process, 
lithium ions can be accommodated in-between layers, without much alternation in the 
overall dimension. TiO2 is one of the anode materials from this category featured with 
fast lithium ion insertion/extraction process.[37] TiO2 also has low volume expansion 
upon lithium intake (3-4%).[38, 39] Together with its advantages of low cost, 
environmental benignity, an appropriate insertion potential (~2.0 V), TiO2 is 
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considered as a promising anode for future LIB. The intercalation reaction between 
lithium ions and TiO2 can be written as: [37] 
TiO2 + xLi+ + xe− ↔ LixTiO2 
Anatase, rutile, and even amorphous TiO2 have all been reported with lithium 
storage abilities.[38] The major drawback for this category of anode materials is their 
low capacities. Generally, their reversible capacities are only around 330 mAh g-1 
(compared with the theoretical capacity of graphite of 372 mAh g-1).[40] Li4Ti5O12 with 
spinel structure is another new anode material from this category.[41] It has also drawn 
much attention recently due to its superior structure stability upon lithium intake (zero 
strain). However, it has an even lower capacity (~175 mAh g-1).[42] 
1.2.2 ALLOYING BASED ANODES 
During the past several years, several metals and semimetal and their oxides 
have been proven to be able to reversibly form alloy with lithium.[43] Based on such 
alloying mechanism, the capacities of these materials are exceptionally higher than 
that of conventional graphite. Materials, such as tin,[44] silicon,[45] and germanium[32] 
have received great attention recently, owning to their ability to alloy with lithium. 
Extensive studies have been carried out on these materials as potential candidates for 
LIB anodes.  
Due to the nature of alloying, a metal or semimetal atom is able to alloy with 
more than one lithium atoms, thus attaining a very high capacity. For example, a tin 
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(Sn) atom is able to alloying with a maximum of 4.4 lithium atoms and reaches a 
theoretic capacity of 992 mAh g-1, which is a value almost of three times for graphite 
(372 mAh g-1).[46] Thus, this new branch of materials can raise the capacity of LIBs to 
a great extent. In 2005, Sony released the first commercially available LIB utilizing 
Tin based anode. As described by the inventor, the innovative anode consists of finely 
dispersed Tin-Cobalt phase in a matrix of carbon.[47]  
However, it is also the very property of these alloying materials, that enable their 
high capacities, sets a restriction to their practical application as LIB anodes. As one 
anode atom can bind with several lithium atoms during alloying, a huge volume 
change is expected during the alloying and de-alloying process.[46] For a solid state 
device as a LIB anode, such huge volume change can be detrimental. Upon cycling, 
such huge volume change leads to a progressive decohesion, loss of electrical contact, 
and eventually a fading in capacity. Such problem is known as the pulverization, 
which is common for all alloying-based anode materials.[48] Figure 1-4 shows the 
comparison in morphologies of a tin oxide anode before and after 50 cycles of 
charge/discharge. Due to pulverization, after 50 cycles, the electrode consisting of 
nanoparticles completely loss its morphology and the electrode was disintegrated by 




Figure 1-4: Morphology change of an electrode consisting of SnO2 nanoparticles (A) 
before and (B) after the 50 cycles.[49] 
1.3.3 CONVERSION REACTION BASED ANODES 
Another category of anode materials, including transition metal oxides, nitrides, 
and sulfides, are able to react reversibly with lithium through a redox reaction known 
as conversion reaction during lithium insertion/removal:[34, 50] 
MaXb + (b·n) Li+ + (b·n)e- > aM + bLinX 
M represents the transitional metal. The most common materials for M are Fe,[51] 
Co,[52] Mn,[53] Cu.[34] X is the anion, which can be O,[54] N,[35] S.[55] n is the oxidation 
state of X. This reaction can be highly reversible at room temperature as long as the 
active metal particle, M, is kept at nano-sized range. The large interfacial surface 
areas of M are very active towards the decomposition of the lithium binary compound 
LinX matrix.[34] 
Materials based on conversion reaction, such as transition metal oxides, have 
shown higher theoretical capacity compared with 372 mA g-1 for graphite, making 
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them promising anode materials for high performance LIBs.[50] However, most of 
transition metal oxides suffer from the problem of poor electronic conductivity and 
poor lithium ion transportation kinetics.[56] Besides, anodes consisting transition metal 
oxides also show large volume changes upon lithium intake/release, resulting poor 
cycling performances.[57]  
1.3 LITERATURE REVIEW OF METAL OXIDE ANODE MATERIALS 
1.3.1 OVERVIEW 
Metal oxides have been proposed as potential LIB anode materials due to their 
advantages. Firstly, the most attractive feature of metal oxides as anode materials is 
their much higher theoretical capacity than graphite. Such high energy densities are 
necessary for next generation of portable electronics and electric vehicles.[58] 
Secondly, they usually exist abundantly in nature, thus they are low in cost. Thirdly, 
metal oxides can be easily synthesized in large quantity, which is beneficial to the 
battery fabrication. Besides, most metal oxides are nontoxic and thus environmental 
friendly.  
However, the usage of metal oxides as anode materials also faces several 
difficulties. Firstly, metal oxides are generally semiconductors with poor 
conductivities.[48] Secondly, most metal oxides also suffer from poor lithium ion 
transportation kinetics, which is detrimental to high rate battery performance.[56] 
Lastly, as mentioned, most metal oxides experience large volume changes during 
charge/discharge processes, resulting poor capacity retention property.[59] Therefore, 
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various strategies have been proposed in order to enhance different aspect 
electrochemical performances of metal oxides. 
In this thesis, owing to the high capacities, abundance in nature, and no toxicity, 
SnO2 and Fe3O4 are chosen as the electrochemical active materials for LIB anode. 
Efforts will be put on solving the aforementioned problems of these two oxides. The 
detailed descriptions on both metal oxides are mentioned below.  
1.3.2 TIN OXIDES AS ANODE MATERIALS 
Tin oxides, including Tin(II) Oxide and Tin(IV) oxide, both show high 
theoretical capacity due to the Sn atom they contain. [33, 49] Tin(II) oxide was 
discovered earlier and firstly reported as an active anode material for reversible 
lithium storage by Y. Idota and co-workers. In their report, the as-prepared anode can 
reach a gravimetric capacity of 600 mAh g-1 for reversible lithium insertion. [33] As an 
n-type semiconductor with a wide band gap (Eg = 3.6 eV), Tin(IV) Oxide (SnO2) has 
also been know as a good candidate for LIBs anode material due to its capability of 
reversibly forming alloys with lithium based on a similar mechanism to Tin (II) Oxide. 
There are two principal electrochemical processes occur during the charge/discharge 
of a SnO2-based anode:[60] 
SnO2 + 4 Li+ + 4 e- -> Sn + 2 Li2O 
Sn + x Li+ + x e- <-> LixSn (0 ≤ x ≤ 4.4) 
The first reaction is reported to be irreversible or only partially reversible, 
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representing the formation of metallic Sn and Li2O matrix.[61] While the second 
reaction represents a reversible process of alloying and de-alloying between Sn and Li, 
leading to the store and release of Li in the Sn-based anode.[62] The theoretical specific 
lithium storage capacity of SnO2 is 790 mAh g-1, which is much larger than that of 
currently commercially available graphite anode materials (372 mAh g-1), making 
SnO2 a very attractive candidate for LIB anode application.  
1.3.3 IRON OXIDES AS ANODE MATERIALS 
Iron oxides, including magnetite (Fe3O4), hematite (alpha-Fe2O3) and maghemite 
(garma-Fe2O3), have also been considered as promising candidates for high capacity 
anode material for next generation of LIBs.[50] The first observation of reactivity 
between iron oxides and lithium was in the 1980s.[51] However, the nature of the 
reaction was not clear until J. M. Tarascon and his coworkers reported the conversion 
reaction between transition metal oxides and lithium in 2000.[34] The principal 
electrochemical processes occur during the charge-discharge of Iron Oxide-based 
lithium ion battery are as follows:[50] 
Fe2O3 + 6e- + 6Li+ <-> 2Fe0 + 3Li2O 
Fe3O4 + 8e- + 8Li+ <-> 3Fe0 + 4Li2O 
Large reversible capacity was found from reducing Fe2O3 at room temperature.[63] 
Due to its high theoretical capacity of 1007 mAh g-1, low toxicity and cost, make it an 
attractive candidate for LIB anode. Many papers can be found on the evaluation of 
15 
 
alpha-Fe2O3 electrochemical property in the form of both powder and film.[64, 65] 
Garma-Fe2O3 was found to behave electrochemically the same as alpha-Fe2O3.[66] 
Although less attention was received, Fe3O4 also has a high theoretical capacity 
(926 mAh g-1). Studies have been conducted to synthesize Fe3O4 based materials and 
test their performances for LIB anode application. Besides, Fe3O4 is one of the very 
few transition metal oxides with high electronic conductivities.[67] With a significantly 
higher conductivity than Fe2O3 (×106), Fe3O4 based anode materials have greater 
potentials in high rate battery application.[68] 
1.3.4 STRATEGIES TO ENHANCE ELECTROCHEMICAL PERFORMANCES OF METAL 
OXIDES  
As stated in section 1.3.1, despite of their advantages especially the multi-times 
higher theoretical capacities than that of graphite, metal oxides suffer from large 
volume changes during charge/discharge, poor conductivity, and poor lithium ion 
diffusion kinetics. Thus, various methods have been proposed to mitigate or solve 
these problems. Generally, they can be summarized into three basic strategies: 
1. Nanostructured Metal Oxide Materials  
As the first generation LIBs utilizing millimeter-sized anode particles, there is an 
intrinsic limitation in their power density (slow charge/discharge rate), due to the slow 
lithium ion diffusivity in the solid state materials (~ 10-8 cm2 s-1). However, by 
reducing the active metal oxides particles into nanosize range, very short lithium ion 
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diffusion lengths (L) are provided within these particles, thus significantly reducing 
the characteristic time constant t for the lithium ion diffusion process, which is 
proportional to L2 ((t = L2/D, where D is the diffusion constant).[69] Therefore, by 
using nano-sized metal oxide particles, the rate capability of anode can be enhanced. 
Besides, nanosized metal oxides particles are also reported to be able to better 
accommodate the strain generated by volume changes during charge/discharge 
process, which is beneficial for the cyclic stability of metal oxide anode.[70]  
Furthermore, for transitional materials based on conversion reaction, one of the 
products, Li2O, it has been reported to be electrochemically inactive. Such property 
greatly jeopardizes the reversibility of conversion reaction, and also the practical 
usage of this category of material as LIB anode. The key to the reversibility of 
conversion reaction lies in the formation of nano-sized transitional metal particles. [34] 
Due to large surface area and thus high activity of these nanoparticles, the Li2O matrix 
in which they embedded can be decomposed when a reverse polarization is applied. 
Therefore, keeping the metal phases (metal oxide particles) in nano-size is crucial for 
the reversibility of conversion reaction, and thus the capacity retention of the anode 
material.[50]  
However, the use of nanostructure is not the ultimate solution because of its 
drawbacks. One of the most worrying problems is that nanoparticles have very high 
surface energy. Thus, they tend to aggregate together upon cycling, eventually leading 
to capacity fading.[71]  
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2. Specially Designed Metal Oxide Morphologies 
Despite of their high theoretical values, the capacities of metal oxides usually 
quickly fade to unpractical low values after several cycles. The major reason for the 
poor cyclic stability of metal oxides is the huge volume changes upon lithium 
insertion/removal, resulting in the breakdown of lithium ion and electron 
transportation channels.[48] It has been proven that by purposely incorporate specially 
designed morphologies into the metal oxide anodes, the cyclic performance of metal 
oxides can be greatly enhanced.[69] Various morphologies, including nanospindles,[56] 
nanofibers,[72] nanowires,[73] and nanorods[74] have been synthesized for LIB 
applications.  
Metal oxides with hollow interior have also been intensively studied. As early as 
1993, the works reported by Matijevic and others demonstrated the synthesis of 
hollow particles based on colloidal templating.[75] Recently, hollow structures have 
been applied to metal oxide anode materials, owing to their sufficient void space that 
can accommodate the volume changes during charge/discharge processes, thus 
preventing large overall dimension alternation.[76] SnO2,[77] Fe3O4,[78] ZnMn2O4,[79] 
and Co3O4[80] hollow structures have been synthesized with hollow interiors for LIB 
anode applications.  
Various methods have been developed to fabricate hollow structures. Generally, 
there are two major ways: template synthesis and template-free synthesis.[78, 81] 
Preparation of hollow structure by templating method usually involves four steps: (1) 
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formation of template, (2) modification of template surface, (3) coating of desired 
materials, and (4) removal of templates.[48] The template employed can be either hard 
templates (silica, carbon, polymer particles, etc) or soft templates (emulsion droplets, 
micelles, polymer aggregations, gas bubbles, etc).[76] These templates usually have 
advantages including narrow size distribution, easily controllable size range, ease in 
large scale synthesis. In this method, the shape and size of the template directly 
determine those of the final hollow structures. However, as described above, the 
process to obtain hollow structures by using template method is complicated. Besides, 
the step of template removal usually includes harsh experimental procedure (acid 
etching) and inevitably results in collapse of the hollow structure.[48] Thus, 
template-free method provides another simpler rout to synthesize hollow structures. 
Hollow structure can be formed spontaneously by a process known as inside-out 
Ostwald ripening, which refers to the growth of lager particles at the expanse of 
smaller ones. For a solid particle formed in a reacting solution, the surface is in 
contact with solvent and thus crystallizes first, which provides the driving force of the 
inner amorphous part to dissolve and forming hollow structures. [82]  
However, hollow structures usually have poor structure integrities. Therefore, 
supporting components, such as carbonaceous coating or matrix, are often added into 
hollow metal oxides anodes for enhanced performances.[81]  
3. Incorporation of Carbonaceous Materials 
Another measure to enhance the metal oxide anode performance is to incorporate 
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carbonaceous materials. Among them, polymer-induced carbon[48] and graphene[83] 
have been most widely reported.  
Hydorchar, a carbon-rich solid product, can be obtained by heat-treatment of 
saccharides (glucose, sucrose, and starch) at moderate temperature (170 – 350oC) 
under pressure.[84] During such process, induced by intermolecular hydrolysis and 
aldol condensation, the carbon-containing molecules undergo polymerization and 
condensation reactions, leading to the formation of soluble aromatized molecules. 
Subsequently, these molecules go through intermolecular dehydration to form 
aromatic clusters. By a nucleation and growth mechanism, these aromatic clusters 
form spherical hydorchar beads. Simply by a final high temperature calcinations 
treatment, carbon beads can be obtained.[85] The synthesis of hydrochar spheres was 
firstly reported in 1913 by Bergius and Specht. [86] Recently, reseach on hydrochar 
focuses on tuning its specific properties, such as size, shape, and functionality. While 
in the application of metal oxide anodes, by slight modification in procedure, a layer 
of hydrochar can be coated on metal oxide surface, forming carbon coating simply by 
a post carbonization treatment. Such carbon coating is one of the most widely used 
surface modification techniques for metal oxides anode materials. Firstly, a carbon 
coating can further enhance the electronic conductivity of electrode materials, 
resulting in better rate performance. Secondly, the volume changes of metal oxides 
can be better accommodated. Thirdly, a flexible carbon coating layer is able to protect 
the inner metal oxide, improving its structural integrity. Lastly, carbon is a very stable 




Besides, by using a low concentration hydrothermal method, uniform 
mesoporous carbon beads can be formed by using phenol and Pluronic F127 as 
carbon source and soft template, respectively.[87] During the early stage of such 
reaction, phenolic resol micelles are formed with F127 molecules embedded at the 
center at low temperature. The subsequent high temperature hydrothermal process 
promotes the accumulation of these monomicelles into spherical shape with cubic 
close packing. Meanwhile, the polymerization of the resols takes place. Finally, by a 
slow heating treatment, the F127 templating molecules can be removed. And ordered 
mesoporous carbon beads are obtained by a carbonization process. Such method has 
been extensively studied by Zhao and others.[88] By providing both high speed 
electron (carbon matrix) and lithium (mesopores) transportation routes, the obtained 
mesoporous carbon structure can be an ideal host for metal oxide nanoparticles in the 
application of high rate LIB.  
Graphene is a two-dimensional structure with carbon atoms arranged in 
honeycomb lattice (Figure 1-5A). A. K. Geim and K. Novoselov were awarded 2010 
Noble Prize in Physics for their joint work on the study of physical properties of 
graphene.[89] Afterwards, graphene has been receiving growing attentions due to its 
superior mechanical, thermal, and electrical properties, and thus its potential usages in 
various field, including photocatalytic, electronic, sensing, and LIB applications.[90, 91] 
Graphene can be produced in four different methods: mechanical exfoliation of highly 
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ordered pyrolytic graphite, chemical vapor deposition, epitaxial growth, and reduction 
of graphene oxide (GO). The first three methods can produce graphene with perfect 
carbon honeycomb lattice. However, they suffer from problems such as low yield and 
high production cost.[89] While GO is obtained through the oxidation of graphite by 
strong oxidation agents, followed by separation of single layer GO by ultrasonication. 
As shown in Figure 1-5B, GO has similar layered structure as graphene. However, the 
carbon atoms on GO are heavily decorated by oxygen-containing functional groups, 
such as hydroxyl, epoxy, and carbonyl groups.  
 
Figure 1-5: Schematic representation of (A) graphene and (B) graphene oxide 
structures. 
Compared with the perfect graphene structure synthesized by other three 
methods, GO has two advantageous characteristics: (1) it can be produced in large 
quantity with low cost; (2) its abundant oxygen-containing functional groups enable it 
to be hydrophilic so that it can be modified and decorated through simple and cheap 
solution process, both of which are beneficial for the large scale usage of GO in LIB 
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application.[92] The first well-known formation of GO is done by B. C. Brodie back in 
1859.[93] He used chlorate of potash (potassium chlorate) and fuming nitric acid to 
react with graphite, and obtained a product consisting carbon, hydrogen, and oxygen. 
He also gave this form of carbon a name, Graphon. Later in 1958, W. S. Hummers 
and R. E. Offeman developed an alternative synthesis rout for GO, using sodium 
nitrate, sulfuric acid, and potassium permanganate to react with graphite.[94] Such 
method is still being used in current researches. The synthesized GO can be reduced 
by various methods to partially restore the structure and property of graphene.[95] A 
reduced graphene oxide (rGO) still possesses outstanding properties such as good 
electronic conductivity, satisfactory mechanical flexibility, and chemical stability, 
making it a competitive component in metal oxide based anodes.[96] 
1.4 PROJECT MOTIVATIONS AND DESIGNS 
It has been over 20 years since SONY released the first commercial LIB back in 
1991. As a result of the ever increasing demand in the compact, light-weighted, 
powerful portable electronic devices, intensive quest for new type of anodes bring 
improvements in energy capacity, rate capability, and cycle life for LIBs is still in 
progress.[1, 5, 19] As a traditional intercalation LIB anode material, lithium ions can be 
accommodated in-between graphite layers, without any major structural change for 
graphite. As mentioned previously, such mechanism puts an intrinsic limitation on the 
capacity of graphite, making it difficult to meet the growing demand on portable 
electronic devices. Although various new materials have been proposed, graphite still 
23 
 
dominates the anode market until today. The major difficulty relies on maintenance of 
the high capacities provided by new anode materials upon cycling.[1]  
Besides, another major problem to be addressed is the unsatisfactory rate 
capability of the current generation of LIB, which indicates the ability of these LIBs 
to be charged in a very short period of time. Such property is extremely important 
when it comes to the commercialization of electric car. Compared with the 
several-minute duration of filling gasoline tank for traditional vehicles, the current 
electric cars require about 7 hours or more to completely recharge its LIB. This results 
in huge inconvenience for the electric car users and great obstacle to promote electric 
cars to the market. 
Therefore, from the perceptive of a scientific research, besides obtaining initial 
high capacity by utilizing new anode materials including metal oxides, it is a must to 
achieve an overall well-balanced performance in all three terms of capacity, rate 
capability, and cyclic stability.  
In this thesis, metal oxides will be studied as the active materials for LIB. To date, 
much effort has been put in developing metal oxides based anodes. CoO,[97] Co3O4,[98] 
MnO2,[99] Mn3O4,[53] CoSnO3,[100] SnO,[33] SnO2,[48] Fe2O3,[63] and Fe3O4[101] have all 
been synthesized and studied as potential anode materials for LIB.[19, 58] In this thesis, 
two particular metal oxides, namely SnO2 and Fe3O4, are chosen as the major 
components in anodes, owing to their ease in large-scale fabrication, abundances in 
nature, and most importantly, their multiple-times higher theoretical capacity over that 
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of graphite. With the purpose to enhance their cyclic stability and rate capability 
without sacrificing their capacity too much, three major strategies will be applied: 
1. Nanosized Metal Oxides Particles:  
By reducing the metal oxides particles to nanosize range, their volume changes 
during charge/dischange can be better accommodated, resulting in improved cyclic 
stability. Besides, smaller metal oxide particles are expected to have shorter lithium 
ion transportation paths, thus delivering better rate capabilities.  
2. Hollow and Porous Structures:  
Hollow and porous structure features provide void spaces for the volume 
changes of metal oxides, which is beneficial to the capacity retention property of 
anodes. Furthermore, higher surface area obtained with hollow and porous structure 
results in a larger contact area between electrolyte and anode. Therefore, a higher 
lithium ion flux across the interface can be achieved, which is beneficial for the rate 
capability performance. 
3. Polymer-derived Carbon and Graphene: 
Carbonaceous materials, namely polymer-derived carbon and graphene, are 
combined together with metal oxides, for enhanced electrode conductivity and 
structure integrity. Moreover, extra lithium storage sites can be provided by these 
carbonaceous materials.   
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1.5 RESEARCH OBJECTIVES 
This research work primarily focuses on the synthesis of various composites 
between metal oxides (SnO2, Fe3O4) and carbonaceous materials for enhanced LIB 
anode applications. The research objectives are broken down into following points: 
 To synthesize high quality SnO2 and Fe3O4 nanostructures, including hollow 
or/and porous beads, and ultra-small nanoparticles (~5 nm).  
 To synthesize various carbonaceous materials, including glucose-derived 
carbon, ordered mesoporous carbon beads, and rGO sheets. 
 To synthesize various composites by appropriately combining metal oxides 
with carbonaceous materials. 
  To investigate the electrochemical performances of obtained composites in 
relation to their compositions and structures. 
1.6 THESIS OUTLINE 
This thesis consists of 8 chapters. Chapter 1 introduces the development and 
current status of LIB with special focus on anode materials, together with project 
motivations and research objectives. Chapter 2 reviews the materials and 
characterization techniques used in this thesis. Chapter 3 to 7 presents the results and 
discussions. Specifically, chapter 3 and 4 describe the synthesis of carbon coated 
hollow SnO2 beads and porous hollow Fe3O4 beads, respectively, aiming to retain 
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their high capacities upon cycling. Chapter 5 presents the synthesis of porous hollow 
Fe3O4 beads and rGO composites. The main focus of this chapter is to study the 
superior effect of rGO on the capacity retention property. Chapter 6 describes the 
synthesis of ordered mesoporous carbon spheres with ultra-small Fe3O4 nanoparticles 
embedded for high rate battery application. Chapter 7 presents the composites 
between ultra-small Fe3O4 and rGO with overall well balanced electrochemical 
performances in terms of capacity, cyclic stability, and rate capability. Finally, chapter 




CHAPTER 2: EXPERIMENTAL 
This chapter describes the materials, experimental methodologies, and 
characterization techniques used in this thesis. Section 2.1 introduces the chemicals 
used in all experiments involved. Section 2.2 describes all material synthesis methods, 
followed by the characterization techniques presented in Section 2.3. 
2.1 MATERIALS 
L-ascorbic acid (99%), 4, 4’-azobis (4-cyanovaleric acid) (ABCVA; 75%), 
dodecylamine (DDA; 98%), ethylene glycol (EG; 99 %), α-D-glucose (96%), 
polyvinylpyrrolidone (PVP; Mw ~55000, 98%), and tin (II) 2-ethylhexanoate (95%) 
were purchased from Aldrich. High-purity natural graphite flake (325 mesh) was 
purchased from the Alfa Aesar. Sodium hydrogen carbonate (NaHCO3; 99%) was 
purchased from Ajax Finechem. Styrene (99.5%) was purchased from Fluka. Ethanol 
(99.9%) and toluene (99.8%) were obtained from Merck. Sodium hydroxide (NaOH; 
97%) was purchased from Reagent & Fine Chemicals. Ferric chloride hexahydrate 
(FeCl3 6H2O; 99%) was purchased from Riedel-de Haën. Formaldehyde solution (37 
wt.% in water) and Pluronic F127 (Mw ~12,000) were purchased from Sigma. 
Hydrochloric acid (HCl; 37wt.%), Hydrogen peroxide (H2O2, 30wt.% in H2O), phenol, 
potassium permanganate (KMnO4; 99%), sodium nitrate (NaNO3; 99%), and sulfuric 
acid (H2SO4; 98.0%) were purchased from Sigma-Aldrich. All chemicals were used as 
received without any further purification.  
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2.2 MATERIALS SYNTHESIS 
Methods of materials synthesis are described in corresponding chapters. 
2.3 CHARACTERIZATIONS 
2.3.1 MORPHOLOGICAL STUDY 
2.3.1.1 SCANNING ELECTRON MICROSCOPE 
A field emission scanning electron microscope (SEM; Zeiss Supra 40 FE) was 
used to exam the morphologies of various samples. SEM samples were prepared by 
dropping the sample solutions on silicon substrates, and dried overnight. For sample 
with poor conductivity, such as PS beads, a thin film of gold (~5 nm) was sputtered to 
improve its conductivity. All samples were viewed under the acceleration voltage of 5 
kV. 
2.3.1.2 TRANSMISSION ELECTRON MICROSCOPE 
All transmission electron microscopy (TEM) images were obtained by using 
JEOL 100CX instrument with an acceleration voltage of 200 kV. Selective-area 
electron diffraction (SAED) patterns of the crystalline samples were obtained by TEM. 
Energy dispersive X-ray spectroscopy (EDS; INCA, Oxford Instruments) was used to 
detect the elemental composition of the samples. Samples were prepared by dropping 




2.3.1.3 X-RAY DIFFRACTION 
The crystal phases of samples were characterized by X-ray diffraction analysis 
(XRD) recorded on a powder diffractometer (Bruker AXS D8 Advanced 
Diffractometer System) with Cu Kα (1.5418 A) source. The samples were prepared by 
dropping concentrated sample solutions and left to dry at room temperature. 
2.3.1.4 NITROGEN SORPTION ISOTHERMS 
Nitrogen sorption isotherms were measured on a Surface Area and Porosity 
Analyzer (ASAP 2020). Samples were dispersed in de-ionized water first and 
freeze-dried for 3 days.  
2.3.1.5 ATOMIC FORCE MICROSCOPE 
Atomic force microscopy (AFM) image was obtained by Veeco NanoScope IV 
Multi-Mode AFM with the tapping Mode. The samples were prepared by dropping 
dilute sample solutions on a fast spinning substrate, and left to dry at room 
temperature.  
2.3.2 CHEMICAL ANALYSIS 
2.3.2.1 X-RAY PHOTOELECTRON SPECTROSCOPE 
The chemical bonding of samples were examined by X-ray photoelectron 
spectroscopy (XPS) on a Phobias 100 electron analyzer equipped with 5 channertrons, 
using a monochromated Al Kα X-ray source (1486.6 eV). These samples were in dry 
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powder form and were around 1 mg.  
2.3.2.2 RAMAN SPECTROSCOPE 
Raman spectrum was recorded by using a Jobin Yvon Horiba LabRam HR800 
Raman system with a 514.5 nm Argon laser as the excitation source. The samples 
were dried on glass substrates. 
2.3.3 THERMOGRAVIMETRIC ANALYSIS 
Thermogravimetric analysis (TGA) was performed under an air flow of 100 mL 
min-1 using Du Pont Instruments TGA 2950 from room temperature to 1000 oC with a 
heating rate of 10 oC min-1. The samples were in dry powder forms and were around 5 
mg. 
2.3.4 ELECTROCHEMICAL MEASUREMENTS 
Electrochemical measurements were carried out using two kinds of cells, namely 
Swagelok-type cells and CR 2016 coin-type cells, in different chapters. Each working 
cell typically contains as-prepared active materials as an anode, pure lithium foil as a 
counter electrode, one piece of separator and several drops of electrolyte. All 
assembling procedures were performed in an argon-filled glovebox. To prepare the 
anodes, as-prepared active materials were mixed with carbon black and 





CHAPTER 3: CARBON COATED HOLLOW SNO2 
BEADS WITH ENHANCED CYCLIC STABILITIES 
3.1 MOTIVATIONS AND DESIGN OF EXPERIMENT 
SnO2 has been well known for its much higher theoretically capacity over that of 
graphite. However, the practical usage of tin oxide anode is hindered by its poor 
capacity retention over long term charge-discharge cycles, which is mainly caused by 
a large volume change during the alloying and de-alloying process, resulting in a 
breakdown in electrical contact between adjacent particles.[71] The primary objective 
of this chapter is to use a layer of carbon coating on the structural surface, together 
with hollow interior and nano-sized SnO2 particles, for a better capacity retention 
property for the SnO2-based anode materials. 
In order to alleviate the pulverization problem of SnO2-based anodes, nanosized 
SnO2 have been commonly employed to reduce the volume change occurred during 
the charge and discharge cycles.[102, 103] However, SnO2 nanoparticles tend to be 
aggregated after several reaction cycles due to their high surface energy, and thus their 
size advantages will be lost.[61, 104] To combat this challenge, complex SnO2 structures 
such as hollow spheres have been suggested for SnO2-based anode applications.[60] 
The SnO2 hollow spheres designed for anode applications generally have a large size, 
from several hundred nanometers to several micrometers,[48, 105, 106] which will not be 
easily aggregated.  
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Nevertheless, SnO2 hollow structures alone only have limited improvement in 
electrode’s performance due to their relatively fragile nature. A SnO2 hollow structure 
without a supporting matrix will be easily broken down during the reaction cycles.[60] 
In view of this, a continuous matrix layer has been suggested to be used to coat the 
SnO2 hollow structures in an attempt to hold the SnO2 hollow structures integrity.[107] 
Among many of the matrix materials, carbon has been definitely the most popular 
candidate due to its flexibility, good electronic conductivity and excellent 
compatibility with electrode applications.[77, 108] Therefore, the design and fabrication 
of SnO2/C composite hollow structures have attracted much attention in the last 
several years.  
The desired SnO2/C hollow structures should be constructed with SnO2 
nanoparticles with encapsulation of a continuous thin carbon layer. In such a structure, 
the pulverization problem of SnO2 during the charge-discharge cycles will be greatly 
alleviated due to its hollow interior and the void spaces existing in-between SnO2 
nanoparticles.[109, 110] The continuous carbon layer is able to improve the electronic 
conductivity and hold the whole structure integrity. High capacity and good capacity 
retention properties are expected for these hollow structures.[71] Certain effort has 
been made to synthesize SnO2/C composite hollow structures in an attempt to achieve 
improved LIB anode performance. For instance, Liu et al. synthesized core-shell 
SnO2/C composites using a direct hydrothermal method.[77] However, the obtained 
spheres had a wide size range from several hundred nanometers to several 
micrometers. The successful synthesis of SnO2/C spheres with uniform size and well 
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defined hollow structures was realized by employing a hard template method, which 
was demonstrated by Lou and his coworkers.[48] In their work, silica was chosen as 
the template and SnO2 particles were deposited onto the silica templates via a 
hydrothermal route. However, a harsh chemical environment is needed to remove the 
silica templates, which makes the process tedious and time consuming.     
Herein, SnO2/C composite hollow spheres for LIB anode applications have been 
synthesized via a modified hard template route. In brief, a thin layer of SnO2 
nanoparticles and another layer of carbon-rich polysaccharide were deposited onto 
polystyrene (PS) templates first. SnO2@C composite hollow spheres were obtained 
by a subsequent carbonization and template removal process. In this chapter, PS 
nanobeads were purposely chosen as the hard templates. Compared with other hard 
templates such as carbon[111] and silica, [112, 113] PS nanobeads are much easier to be 
synthesized, decorated with SnO2 nanoparticles and removed after the attachment of 
SnO2 and carbon layers.[114] Besides, instead of commonly used hydrothermal method, 
a sol-gel approach was adopted to coat SnO2 nanoparticles on PS surfaces. By using a 
sol-gel method, the size of SnO2 nanoparticles and thickness of the SnO2 layer can be 
well controlled to meet the requirements for a better electrochemical performance. 
Moreover, in comparison with the hydrothermal synthesis which requires high 
temperature and long reaction time, a much energy-saving and faster experimental 
procedure was used in the sol-gel process. In general, the hard template route 
employed described in this chapter is facile and highly repeatable, which is easy to be 
scaled up to meet the industrial requirements.  
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3.2 SYNTHESIS OF CARBON COATED TIN OXIDE (SNO2@C) HOLLOW 
SPHERES 
3.2.1 SYNTHESIS OF PVP-MODIFIED POLYSTYRENE (PS) BEADS 
The monodispersed PVP-modified PS beads were prepared by a dispersion 
polymerization: 1.5 g of PVP, 0.2 g of ABCVA, 5 g of H2O, 5 g of styrene, and 22.5 g 
of ethanol were loaded into a three-necked flask with magnetic stirring. The solution 
mixture was deoxygenated by bubbling nitrogen gas at room temperature for 30 min, 
and was then heated to 70 ˚C for 1.5 h. Another 5 g of styrene and 22.5 g of ethanol 
were added to the system. The reaction was allowed for 6 hr, and the as-prepared PS 
beads were collected through centrifugation and washed with absolute ethanol for 3 
times. The final products were dispersed in ethanol with volume ratio to the original 
reaction solution of 4, which was used as stock solution for later tin oxide deposition. 
3.2.2 SYNTHESIS OF TIN OXIDE COATED POLYSTYRENE (PS@SNO2) BEADS 
10 mL of PS stock solution in ethanol was added to a mixture containing 60 mL 
of ethanol, 2.5 mol of Tin(II) 2-ethylhexanoate and 2.5 mol of sodium hydroxide with 
magnetic stirring. The reaction was allowed for 30min, and the as-prepared PS@SnO2 
beads were collected through centrifuge and washed with absolute ethanol for 3 times. 
The final products were dispersed in ethanol with same volume, which was used as 
stock solution for later carbon-rich polysaccharide coating.  
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3.2.3 SYNTHESIS OF TIN OXIDE HOLLOW SPHERES 
Tin Oxide coated Polystyrene stock solution in ethanol was dried at 50 ˚C for 24 
hr. Then the dried PS@SnO2 power was transferred to an air-flow electric oven at 450 
˚C for 1h with a heating rate of 1 ˚C /min. The resultant white power was collected 
and dispersed in ethanol, and washed with pure ethanol. The final products were 
dispersed in ethanol. 
3.2.4 SYNTHESIS OF CARBON COATED TIN OXIDE (SNO2@C) HOLLOW SPHERES 
3 mL of PS@SnO2 stock solution was added to a mixture containing 17 mL of 
de-ionized water and 1.8 g of glucose. The solution was transferred to a 40 mL 
Teflon-lined stainless steel autoclave, and hydrothermally treated in an air-flow 
electric oven at 180 ˚C for 3h. After  cooling down naturally, the dark-brown 
precipitate was collected by centrifuge and washed with ethanol and de-ionized water. 
After dried at 50 ˚C for 1 day, the dark brown precipitate was carbonized at 500 ˚C for 
4h under inert atmosphere. Finally, the SnO2@C hollow spheres were obtained by 
dissolving the PS core with toluene. 
3.2.5 ELECTROCHEMICAL MEASUREMENTS FOR SNO2@C 
The electrochemical measurements were carried out using Ivium-n-Stat 
multi-channel electrochemical analyzer with lithium foil as counter electrode at room 
temperature. The electrolyte was 1 M LiPF6 in a mixture of ethylene carbonate and 
dimethyl carbonate (1:1 volume ratio). The working anode consisted of active 
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material (SnO2@C hollow spheres), carbon black, and polyvinylidene fluoride (PVDF) 
as polymer binder in a weight ratio of around 70:20:10. The cells were assembled in a 
glove box where the concentration of moisture and oxygen were below 1 ppm. The 
cells were cycled between 2 V and 5 mV at different scan rates of 100 and 533 mA 
g-1. 
3.3 PREPARATION SCHEME OF SNO2@C BEADS 
Figure 3-1 illustrates the major experimental procedures for the synthesis of 
SnO2@C composite hollow spheres. In brief, polystyrene (PS) beads were 
synthesized as hard templates first. A thin layer of tin oxide nanoparticles was then 
deposited onto the PS beads using a sol-gel method, forming PS@SnO2 core-shell 
composite beads. Another layer of glucose-derived carbon-rich polysaccharide (GCP) 
was subsequently deposited onto the PS@SnO2 beads through a hydrothermal method, 
forming PS@SnO2@GCP composite beads. After that, the as-synthesized 
PS@SnO2@GCP beads were carbonized under argon atmosphere. PS core was 
partially removed after this process. The remaining PS core was completely removed 
by simply dissolving the particles in toluene for 1 hour, obtaining the final product of 





Figure 3-1: Schematic representation of the preparation of SnO2@C hollow spheres 
through a template-assisted method: (A) PVP-modified PS beads; (B) PS@SnO2 
beads; (C) PS@SnO2@GCP composite beads; and (D) SnO2@C hollow spheres. 
3.4 CHARACTERIZATIONS OF CARBON COATED HOLLOW SNO2 BEADS 
Figure 3-2 (A,B,C,D) showed the SEM images of PS beads, PS@SnO2 
composite beads, PS@SnO2@GCP composite beads, and SnO2@C composite hollow 
spheres, respectively. As shown in Figure 3-2A, the as-prepared PS beads are quite 
monodispersed and have an average size around 700 nm. The amphiphilic nature of 
PVP enabled them to form micelles in a hydrophilic environment (ethanol). Thus the 
hydrophobic styrene monomers trapped inside these micelles underwent a 
polymerization process at a suitable temperature, forming PS beads. These 
PVP-modified PS beads were directly used as hard templates for SnO2 deposition 
without any additional surface modification. SnO2 deposition on the PS beads was 
performed using a simple hydrolysis reaction in ethanol. The hydrophilic parts of PVP 
molecules were able to form hydrogen bonds with the hydroxyl groups on SnO2 
nanoparticles, facilitating the nanoparticle attachment. Tin (II) 2-ethylhexanote was 
purposely chosen as the precursor for SnO2 deposition due to its controllable 
hydrolysis reaction rate. By adjusting the OH- group concentration at 0.03 M, 
38 
 
nanosized SnO2 particles and uniform coating layer on PS beads were achieved 
(Figure 3-2B). The attraction force between SnO2 nanoparticles and the PS beads 
were believed to be hydrogen bonding.  
 
Figure 3-2: SEM images of the as-synthesized (A) PS beads, (B) PS@SnO2 core/shell 
composite beads, (C) PS@SnO2@GCP composite beads, and (D) SnO2@C hollow 
spheres.  
The obtained PS@SnO2 beads were then hydrothermally treated with glucose. In 
the autoclave environment with high temperature and high pressure, glucose 
molecules underwent a polymerization, condensation and aromatization process, 
forming a smooth carbon-rich solid layer on PS@SnO2 surface,[84] as shown in Figure 
3-2C. Besides, the beads after hydrothermal treatment preserved nice spherical 
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morphology and good uniformity in size. The SEM image of the final product of 
SnO2@C hollow spheres were presented in Figure 3-2D. It was observed that the 
spherical morphology of the final products was well retained after the complete 
removal of PS cores. The average size of the final product was around 700 nm. The 
surface of the hollow spheres were not smooth but showing the contour of the inner 
SnO2 particles. This is caused by the shrinkage of the surface GCP layer during the 
carbonization process where the removal of oxygen functional groups (i.e., 
hydroxyl/phenolic, carbonyl, or carboxylic) occurred.[84]  
The obtained SnO2@C hollow spheres were further examined using TEM. 
Figure 3-3A demonstrates the TEM image of a single SnO2@C hollow sphere, in 
which the hollow nature of the sphere was confirmed. The magnified TEM image of a 
sphere shown in Figure 3-3B reveals that the sphere shell is formed with numerous 
nanoparticles and a continuous carbon coating layer. The average size of the 
nanoparticles is around 10 nm. Figure 3-3C showed the HRTEM image of the sphere 
shell, in which the void spaces were clearly observed in-between individual SnO2 
nanoparticles. Combining with the continuous carbon coating layer, these void spaces 
are able to accommodate the strain of lithium insertion/removal and then help 
preventing the structure breakdown.[115] Figure 3-3D is a magnified image of the 
highlighted part (by dashed square) of Figure 3-3C. The lattice of the nanoparticles 




Figure 3-3: (A, and B) TEM images, (C, and D) HRTEM images, (E) SAED, (F) EDX 
data, (G) XRD Pattern, and (H) Raman Spectra of as-synthesized SnO2@C hollow 
spheres. (Inset of H) Digital picture of SnO2 hollow spheres (light yellow) and 
SnO2@C hollow sphere (black) solutions.  
The lattice fringes with spacings of 3.34 Å and 2.64 Å are in good agreement 
with the spacings of [110] planes and [101] planes of SnO2, respectively. Several 
distinct concentric rings were shown in the selected area electron diffraction (SAED) 
pattern (Figure 3-3E), indicating the polycrystalline nature of SnO2@C hollow 
spheres. Figure 3-3F shows Energy-dispersive X-ray spectroscopy (EDX) data, 
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confirming the existence of Sn, and O elements. The crystal structure of the 
as-synthesized SnO2@C hollow spheres is further determined by X-ray diffraction 
(XRD) (Figure 3-3G). All identified peaks can be assigned to tetragonal SnO2 (JCPDS 
card no. 41-1445, SG: P42/mnm, a0 = 4.738 Å, c0 = 3.187 Å).[104] It can be observed 
that the peaks are broadened with low intensities, indicating the small size of the SnO2 
nanoparticles. Furthermore, the XRD data confirmed that the carbonization process 
around 500 ˚ C does not cause the carbothermal reduction of SnO2 to Sn. Figure 3-3H 
presents the Raman spectra of SnO2@C hollow spheres sample. Two peaks at around 
1360 and 1587 cm-1 are assigned to D band, and G band, respectively.[115] Such result 
is typical for carbonized materials. These data reveals the existence of aromatic 
cluster, thus confirming the success formation of hydrothermally derived carbon in 
the final product of SnO2@C.  
Another evidence of the successful carbon coating is shown in inset of Figure 
3-3H, which is a digital photo of SnO2 and SnO2@C hollow sphere ethanol solutions. 
Prior to carbon coating, the SnO2 ethanol solution is light yellow in color. While after 
a series steps of carbon-rich layer coating and carbonization, the final product of 
SnO2@C appears to be black, which confirmed the successful carbon coating. 
3.5 EFFECT OF CARBON COATING ON STRUCTURAL INTEGRITIES 
Carbon coating is a crucial step to optimize the SnO2 hollow spheres’ 
performance for LIB anode application.[116] Besides acting as an effective electronic 
conductor between SnO2 nanoparticles, the carbon coating can restrict the inner active 
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SnO2 nanoparticles, and thus prevent the whole structure from losing integrity and 
breaking down into pieces.[117]  
 
Figure 3-4: SEM images of (A) SnO2 hollow spheres. (B) SnO2 and (C) SnO2@C 
hollow spheres after store in ethanol at room temperature for one month. (D) TGA 
curve of SnO2@C hollow spheres. 
As shown in Figure 3-4A, SnO2 hollow spheres without carbon coating are 
merely consisted of inter-linking bare SnO2 nanopartcles. Lots of large void spaces 
are observed in-between these nanoparticles (indicated by arrows). As a consequence, 
these bare SnO2 hollow spheres exhibits poor mechanical behavior, which easily 
broke down after being stored in ethanol at room temperature for one month (Figure 
3-4B). On the contrary, integrity of the SnO2@C hollow spheres could be well 
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retained after one month storage in ethanol (Figure 3-4C), demonstrating that the 
mechanical behaviors of the SnO2@C composite hollow spheres have been greatly 
improved. Form TGA result (Figure 3-4D), the weight percentage of carbon coating is 
close to 30 %. It should be noted that there was a small percentage of weight loss at 
low temperature, which could be contributed by the removal of water content from the 
SnO2@C composite. By assuming the porosity and thickness of SnO2 layer to be 
around 50% and 20 nm (which is about two monolayers of SnO2 nanoparticles), 
respectively, the thickness of carbon layer can be calculated to be around 15 nm. 
3.6 ELECTROCHEMICAL ANALYSIS OF SNO2@C BEADS 
The electrochemical performance of SnO2@C hollow spheres was investigated. 
Figure 3-5A showes the cyclic voltammograms (CV) for the first two cycles at a scan 
rate of 0.05mV s-1 in the potential window of 3 V – 5 mV. Generally, the CV behavior 
is consistent with that in literature for tin oxide anode material, indicating that same 
mechanism occurred here.[48] Three well defined cathodic peaks are observed in the 
first cycle. Specifically, the two peaks at 0.91 and 0.62 V can be ascribed to the 
formation of the solid electrolyte interphase (SEI) and the reduction of SnO2 to Sn and 
Li2O (reaction 1), respectively. Another peak around 0.09 V is attributed to the 
formation of LixSn alloy as described by reaction (2). Two corresponding anodic 
peaks are also observed. The one around 0.53 V indicates dealloying process of LixSn 





Figure3-5: (A) Cyclic voltammograms for SnO2@C hollow spheres showing the first 
two cycles between 3 V and 5 mV at a scan rate of 0.05 mV s-1. (B) Discharge and 
charge capacity (lithium storage) vs. cycle number between 2V and 5mV, (I) SnO2@C 
hollow spheres with a current of 100 mA g-1 (solid and hollow triangle), (II) SnO2@C 
hollow spheres with a current of 500 mA g-1 (solid and hollow diamond), (III) SnO2 
hollow spheres with a current of 100mA g-1 (hollow square and cross). The dash line 
is the theoretic capacity of graphite. 
As shown in Figure 3-5B, the discharge-charge cycling performances of 
SnO2@C hollow spheres are evaluated between 2V and 5 mV at two different scan 
rates up to 50 cycles. With a scan rate of 100 mA g-1, the SnO2@C anode deliveres a 
lithium insertion capacity of 1549 mAh g-1 and a reversible charging capacity of 712 
mAh g-1 in the first cycle. The large irreversible capacity is often ascribed to 
irreversible reduction of SnO2, the formation of solid electrolyte interface (SEI), and 
the decomposition of electrolyte.[104] From the second cycle, the reversibility of the 
electrode is improved significantly. After gradually decays over the first 20 cycles, 
capacity stabilizes at around 500 mAh g-1. Such stable cycling performance is 
contributed by the good accommodation of SnO2 volume change achieved by the 
nanosized active SnO2 phase obtained via a sol gel method. Besides, the central void 
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space and carbon coating layer also have significant effect on volume change 
accommodation, and enhancing electronic conduction and structure integrity, 
respectively. Although effort was put in to make the carbon shell thin, the low 
percentage of active phase (tin oxide) could result in a low overall capacity. Same 
type of SnO2@C anode is also tested with of different scan rate, 500 mA g-1. Due to 
the higher scan rate, the resultant capacity (400 mAh g-1) is lower compared to that at 
the scan rate of 100 mA g-1.  
As a comparison, the electrochemical performance of anode fabricated from bare 
SnO2 hollow spheres (Figure 3-4A) was also tested. As shown in Figure 3-5B, a 
continuous drop is observed in its capacity. Such result suggests the crucial effect of 
carbon content in improving electrode’s capacity retention property. As indicated in 
Figure 3-4B, without a layer of carbon coating, the hollow shell consisted by SnO2 
nanoparticles is a quite fragile structure. The rapid capacity drop showed in Figure 
3-5B is a strong evidence that the hollow shell of SnO2 nanoparticles collapsed during 
the electrochemical testing. The collapsed hollow shell is merely a simple 
agglomeration of SnO2 phase, losing the size advantage of SnO2 nanoparticles 
achieved via a well controlled sol gel method. Without the special structural designs, 
such as void space inbetween SnO2 nanoparticles and central hollow interior, there is 
no enough space for the huge volume change of SnO2 phase during lithium insertion 




SnO2@C hollow spheres were successfully fabricated through a series of 
procedures: template synthesis, sol-gel deposition, hydrothermal coating and 
carbonization. A stable capacity of about 500 mAh/g can be obtained at a scan rate 
100 mA/g after 50 cycles for the as-prepared hollow spheres. The SnO2@C structure 
simultaneously incorporates desirable features for a high performance LIB anode: 
nanosized active tin oxide particles, a conducting carbon matrix, and a void central 
space to accommodate the strains. More importantly, with a layer of carbon coating, 
the structure integrity and the cycling performance of the active anode materials were 
both greatly enhanced compared with anode fabricated from SnO2 hollow spheres.  
The hollow structures described in this chapter require multiple synthesis steps. 
In the Chapter 4, Fe3O4 beads with hollow interior and porous structural features 
obtained through a straight-forward one-step method are discussed. A thin layer of 
carbon coating will be incorporated. The effect of carbon coating on the capacity 





CHAPTER 4: CARBON COATED POROUS HOLLOW 
FE3O4 BEADS WITH IMPROVED CYCLIC STABILITIES 
4.1 MOTIVATIONS AND DESIGN OF EXPERIMENT 
In previous chapter, hollow SnO2 beads were obtained through a hard-templating 
method, which involved multiple complicated synthetic procedures and a post 
template removal process. In this chapter, a much simpler one-step solvothermal 
method was applied to synthesize porous hollow Fe3O4 beads. And their 
electrochemical proprieties were enhanced by carbon coatings.  
The major challenge for Fe3O4 as LIB anode material lies in its volume change 
during lithium ions insertion/removal process, which makes iron oxide based 
electrodes lose structural integrities after several cycles and consequently leads to 
breakdown of electrical conduction of electrode and rapid capacity fading. Such 
behavior is commonly observed for transition metal oxide anode materials and is one 
of the major obstacles for this new category of materials to be commercialized. As 
reported, nano-sized anode materials can partially solve such problem because of their 
better accommodation of the strains during Li insertion/removal.[56] Besides, some 
3-D structural designs, such as porous and hollow structures,[61, 80, 106] have also been 
proved to be helpful to enhance the cycling performance for anode materials by 
providing extra space for volume change during lithium insertion/removal.  
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In this chapter, porous hollow Fe3O4 beads for LIB anode applications were 
prepared via a facile solvothermal route. The average size of the obtained Fe3O4 beads 
was ~ 700 nm and each bead was constructed with numerous constituent Fe3O4 
nanoparticles. The large hollow interior and the pores in between the constituent 
nanoparticles are able to alleviate the volume change problem during lithium ion 
insertion/removal process, thus enhancing the cycling property of such material in 
LIB anode application.[118]  
Carbon coating has been proved to improve the electrochemical performance of 
nanostructured anode material due to its high conductivity, good lithium permeability, 
and flexibility to hold the structure integrity.[119] In this chapter, a thin layer of carbon 
was coated onto each Fe3O4 bead by using a simple hydrothermal route in order to 
further improve the capacity retention property. The results demonstrated that the 
carbon coated Fe3O4 beads had improved electrochemical performance, especially 
capacity retention properties, compared with bare Fe3O4 beads.  
4.2 SYNTHESIS OF CARBON COATED POROUS HOLLOW FE3O4 BEADS 
(FE3O4/C)  
4.2.1 PREPARATION OF POROUS HOLLOW MAGNETITE (FE3O4) BEADS 
A 30 mL mixed solution containing 2 mmol FeCl3 6H2O, 2 mmol DDA, and 2 
mmol NaOH in EG was transferred into a 125 mL Teflon-lined stainless steel 
autoclave and solvothermally treated in an air-flow electric oven at 200 ˚C for 4 days. 
To study the growth mechanism for the beads, the solvothermal processes were 
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stopped at different time intervals (5 h, 9 h, 19 h, 1d, 2d, 4d). After cooling down 
naturally, the precipitate was collected by centrifuge and washed with ethanol. The 
washed beads were dried at 50 ˚ C for 1 day. An additional carbonization process was 
carried out if Fe3O4 beads were for electrochemical test. The black Fe3O4 powder was 
carbonized at 500 ˚C for 4h under inert atmosphere. Subsequently, the Fe 3O4 beads 
were washed with ethanol for three times and dried at 50 ˚C for 1 day. 
4.2.2 PREPARATION OF CARBON COATED MAGNETITE (FE3O4/C) BEADS 
25 mg of the as-prepared magnetite beads and 0.25 g glucose were dispersed in 
50 mL of de-ionized water by ultrasonication. Then the suspension was transferred 
into a 125 mL Teflon-lined stainless steel autoclave, and hydrothermally treated in an 
air-flow electric oven at 180 ˚ C for 14 hours. After cooling down naturally, the black 
precipitate was collected by a magnet and washed with ethanol for three times. After 
dried at 50 ˚ C for 1 day, the black precipitate was carbonized at 500 ˚C for 4h under 
inert atmosphere. Finally, the Fe3O4/C beads were washed with ethanol for three times 
and dried at 50 ˚C for 1 day.  
4.2.3 ELECTROCHEMICAL MEASUREMENTS FOR FE3O4/C 
The electrochemical measurements were carried out on Swagelok-type cells 
using Neware battery system. To prepare the working electrode, 80 wt% of the active 
material (Fe3O4/C, Fe3O4, Fe2O3), 10 wt% carbon black and 10 wt% polyvinylidene 
difluoride (PVDF) dissolved in n-methyl-2-pyrrolidone (NMP) were mixed to form a 
slurry. The slurry was pasted on the Cu foil and dried in a vacuum oven for 12h. The 
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loading of working electrode is typically in the range of 1 – 2 mg (~ 6 mg cm-2). A Li 
foil was used as both counter and reference electrodes. 1 M LiPF6 in ethylene 
carbonate and diethyl carbonate (EC/DEC, v/v = 1:1) solution was used as the 
electrolyte. Galvanostatic charge and discharge measurements were carried out in the 
voltage range between 3.0 and 0.05 V at current densities of 100 and 500 mA g-1. 
4.3 MORPHOLOGICAL CHARACTERIZATION OF POROUS HOLLOW FE3O4 
BEADS 
Figure 4-1A presents the SEM image of the Fe3O4 beads obtained at 200 oC for 4 
days via a solvothermal route. The as-prepared beads are spherical in morphology and 
have good monodispersity. The bar chart shown in the Inset of Figure 4-1A indicates 
that the average size of these beads is around 700 nm. From the SEM image with the 
higher magnification shown in Figure 4-1B, the surface morphology of the Fe3O4 
beads is clearly revealed. Each Fe3O4 bead is constructed with numerous Fe3O4 
nanoparticles. More importantly, these constituent nanoparticles are not densely 
packed. Lots of void space can be found between them, making the whole Fe3O4 bead 
a highly porous structure. Figure 4-1C shows the TEM image of the as-obtained 
Fe3O4 beads at low magnification. Through the clear variation in contrast, the porous 
and hollow nature of the beads are further confirmed. Moreover, most pores are 
channel-liked, connecting the central hollow interior and the outside space, providing 
channels for electrolyte penetration. The TEM image of a single Fe3O4 bead is shown 




Figure 4-1: (A, B) SEM images of the as-prepared Fe3O4 beads. Inset of A: the 
diameter distribution of the as-prepared Fe3O4 beads. (C, D) TEM images of the 
as-prepared Fe3O4 beads. (E) HRTEM of the highlighted region in D. (F) SAED 
pattern of the as-prepared Fe3O4 beads. 
To achieve more detailed crystallographic information of the constituent 
nanoparticles, a high resolution TEM image is taken at the conjunction of three 
constituent Fe3O4 nanoparticles (boxed region in Figure 4-1D), which was shown in 
Figure 4-1E. Interestingly, all these three nanoparticles share one common 
crystallographic orientation. The lattice fringe calculated from the HRTEM image is 
4.85 Å, fitting well with the (111) planes of cubic Fe3O4 structure. The common 
crystallographic alignment of the Fe3O4 nanoaprticles suggested that oriented 
assembly occurred in the synthesized Fe3O4 beads.[120, 121] The solvent EG used in the 
synthesis process played a crucial role in such oriented assembly. Compared with fast 
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aggregation growth occurred in aqueous environment, the Fe3O4 nanoparticles formed 
in EG solvent aggregated slower due to the greater solvent viscosity.[122] During the 
formation process of Fe3O4 beads, the newly formed Fe3O4 nanoparticles in solution 
slowly came and attached on the surface of the pre-formed Fe3O4 aggregates.[123] In an 
effort to reduce overall energy of the system, the coming Fe3O4 nanoparticles rotated 
so that adjacent primary Fe3O4 nanoparticles self-organized into a common 
crystallographic orientation, and finally fused together to form the secondary Fe3O4 
nanoparticles.  
SAED pattern in Figure 4-1F shows the diffraction result of a single Fe3O4 bead. 
Instead of commonly observed diffraction rings for normal nanoparticle aggregates, 
dot-like pattern is observed, confirming the occurrence of oriented attachment. 
Besides, the SAED dot pattern reveals the crystalline nature of the as-synthesized 
Fe3O4 beads, which fit the cubic magnetite structure (JCPDS 65-3107) well.  
4.4 FORMATION MECHANISM OF POROUS HOLLOW FE3O4 BEADS 
4.4.1 MORPHOLOGICAL CHARACTERIZATION OF POROUS HOLLOW FE3O4 BEADS AT 
DIFFERENT REACTION STAGES 
In order to investigate the formation mechanisms of the obtained porous hollow 
Fe3O4 beads, products at different solvothermal reaction intervals were collected and 
their morphologies as well as crystal structures were characterized using SEM and 
XRD, respectively. The corresponding results were shown in Figure 4-2. All SEMs 
are in the same magnification so that the growth process of the Fe3O4 beads can be 
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clearly observed. As shown in Figure 4-2A, spindle shaped particles with a length 
around 100 nm were obtained when the solvothermal reaction time was 5 hours. The 
corresponding XRD pattern shown in Figure 4-2G indicated that these spindle 
particles belonged to Fe2O3 H2O (JCPDS 13-0092) instead of Fe3O4. This was due to 
the fact that most of Fe3+ precursors were yet reduced by EG at the early stage of the 
synthesis process. When the reaction was extended to 9 hours (Figure 4-2B), small 
amount of spherical aggregates were formed, but there was no obvious change in 
XRD pattern as compared to the 5 hours sample. By increasing the reaction time to 19 
hours, as indicated by Figure 4-2C, most of the produced precipitates consisted of 
spherical aggregates, which belonged to Fe3O4 phase suggested by the XRD (Figure 
4-2G).  
Upon the reaction for one day, the produced precipitates were purely Fe3O4 
spherical aggregates and there were no Fe2O3 spindle nanoparticles left (Figure 4-2D). 
When the reaction time was extended from 1 day to 2 days (Figure 4-2E), the size of 
the aggregates was significantly increased from 250 nm to 700 nm. The size of the 
constituent Fe3O4 nanoparticles was also increased. The Inset of Figure 4-2E shows a 
broken spherical aggregate by the reaction time of 2 days. It can be seen that the 
aggregate is still solid in interior. It is also worthy to note that the constituent Fe3O4 
nanoparticles at the outer surface of the aggregate are rod-shaped, which are formed 
by the oriented attachment of primary Fe3O4 nanoparticles as discussed previously. 
These rod-shaped Fe3O4 nanoparticles are larger in size compared to the central 
primary Fe3O4 nanoparticles. When the reaction is finally extended to 4 days, porous 
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Fe3O4 beads are formed, as shown in Figure 4-2F. Through the SEM image of a 
broken bead shown in the Inset of Figure 4-2F, hollow interior of the bead is further 
revealed. 
 
Figure 4-2: SEM images of the products collected at different intervals: (A) 5 hours, 
(B) 9 hour, (C) 19 hours, (D) 1 day, (E and its inset) 2 days, and (F and its inset) 4 
days. All scale bars (including the one in insets) are 200 nm. (G) Corresponding XRD 
patterns of the products collected at different intervals. Dash lines correspond to the 
standard peaks’ position of cubic magnetite structure. Solid line shows the 
characteristic peak of Fe2O3 H2O phase.  
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Numerous rod-shaped Fe3O4 nanoparticles were packed together, constructing 
the shell of the hollow bead. The formation of the obtained hollow porous Fe3O4 
beads was a result of a process known as Ostwald Ripening.[76, 122] As shown in the 
Inset of Figure 4-2E, there is a size difference between the outer and inner particles of 
the aggregates. The larger particles at the outer surface were able to grow at the 
expense of the inner particles, leading to an evacuation process based on inside-out 
ripening, resulting in a hollow interior of the beads.[82, 110, 124-126] Besides, some outer 
Fe3O4 nanoparticles, which are relatively small in size, were also consumed as 
expense of the growth of the larger ones, leading to the formation of a porous 
structure.  
4.4.2 MAGNETIC REPONSES OF POROUS HOLLOW FE3O4 BEADS AT DIFFERENT 
REACTION STAGES 
 
Figure 4-3: Digital images of products in ethanol obtained at different reaction 
intervals (A) without and (B) with a magnetic field.  
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Figure 4-3 demonstrates the magnetic response of the solvothermal products at 
different reaction intervals. When the reaction time was beyond 19 hours, the products 
could be well attracted by the magnet, suggesting the successful formation of the 
Fe3O4 structures.  
4.4.3 SCHEMATIC ILLUSTRATION OF POROUS HOLLOW FE3O4 BEADS FORMATION 
Figure 4-4 summarizes the key steps for the formation of the porous hollow 
Fe3O4 beads in the employed solvothermal process. As a first step, raw materials 
FeCl3 6H2O was hydrolyzed into Fe2O3 H2O (spindle-like nanoparticles) under 
solvothermal conditions with the assistance of NaOH. This was followed with a 
reduction process of Fe2O3 H2O by EG, leading to the formation of Fe3O4 
nanoparticles. The aggregation of the Fe3O4 nanoparticles occurred due to the 
combining effect of surfactant DDA and water which was introduced with the raw 
materials.[127] The well defined Fe3O4 spherical aggregates could be formed upon two 
days of reaction. By further extending the reaction time, the solid Fe3O4 aggregates 
were evolved into porous and hollow structures due to the Ostwald Ripening process 
under the solvothermal condition. 
 
Figure 4-4: Schematic representation of the formation of porous hollow Fe3O4 beads. 
Purple and yellow particles correspond to Fe2O3 and Fe3O4 phase, respectively. 
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4.5 CHARACTERIZATIONS OF CARBON COATING 
4.5.1 MORPHOLOGICAL CHARACTERIZATIONS 
Figure 4-5A shows the SEM image of the carbon coated Fe3O4 (Fe3O4/C) beads, 
which showed similar morphologies as those beads without carbon coating. The Inset 
of Figure 4-5A showed a single Fe3O4/C bead with a higher magnification. Compared 
to the bare Fe3O4 bead, the surface of the Fe3O4/C bead was much smoother. Besides, 
small holes in between the constituent Fe3O4 nanoparticles were covered. Figure 4-5B 
shows the TEM image of a single carbon coated Fe3O4 bead. Through the clear 
difference in contrast, the hollow nature of Fe3O4 beads was well preserved after 
carbon coating. The inset of Figure 4-5B shows a magnified TEM image of the 
highlighted region of Figure 4-5B, providing a better observation of the surface 
morphology of such Fe3O4/C bead.  
 
Figure 4-5: (A and its inset) SEM images of Fe3O4/C beads. Scale bar of inset: 200 
nm. (B) TEM images of a Fe3O4/C bead. Inset: magnified surface morphology of 
Fe3O4/C bead. Scale bar of inset: 20 nm. (C) TGA curves of the as-obtained Fe3O4 
and Fe3O4/C beads. 
Carbon coating has been reported extensively as a modification technique for 
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anode materials to enhance the capacity retention property.[81, 128, 129] Firstly, with a 
uniform carbon coating, the conductivity of anode material can be greatly enhanced. 
Secondly, the carbon coating layer is able to act as a barrier to protect the inner active 
materials.[130] Besides, the carbon layer is flexible so that it can hold the structure 
integrity against the huge volume change of active materials (Fe3O4) during lithium 
ion insertion/removal process.[56] In this chapter, the obtained Fe3O4 beads were 
further coated with carbon by using glucose as the carbon source via a hydrothermal 
route. Under the high temperature and high pressure condition in autoclave, glucose 
molecules underwent a polymerization, condensation and aromatization process, 
forming smooth carbon-rich solid layers on the surface of Fe3O4 beads.[84, 104] After 
heat treatment in an inert atmosphere, the oxygen functional groups contained in the 
carbon-rich layer were removed, leaving a carbon coating layer.  
Compared with the bare Fe3O4 bead surface shown in Figure 4-6, a thin and 
continuous carbon layer could be clearly observed (indicated by arrow). The carbon 
content of the Fe3O4/C beads was further verified using TGA measurement. As shown 
in Figure 4-5C, a small overall decline in total mass (~3%) was observed for the bare 
Fe3O4 beads, which was caused by the removal of the residual water and surfactants. 
Besides, a small hump was observed between 300 and 500 oC, which was ascribed to 
the oxidation of Fe3O4 to Fe2O3. For the TGA curve of the Fe3O4/C beads, an obvious 
weight loss of ~ 18% occurred at around 300 oC. Another 5% weight loss was 
observed when the sample was further heated till 770 oC. By comparing the TGA 
curve of the Fe3O4/C beads with that of the bare ones, the carbon content of the 
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Fe3O4/C beads was determined to be around 20%.  
 
Figure 4-6: TEM image of the surface of a bare Fe3O4 bead. 
4.5.2 CHEMICAL ANALYSIS 
To determine the surface chemical compositions before and after carbon coating, 
XPS measurements were carried out for bare Fe3O4 and Fe3O4/C beads. As shown in 
Figure 4-7, after a hydrothermal step with glucose followed by a calcination process 
under inert atmosphere, the intensity of C 1s spectrum of Fe3O4/C beads (Figure 4-7A) 
increased tremendously compared to that of bare Fe3O4 beads, while the intensities of 
O 1s (Figure 4-7B) and Fe 2p (Figure 4-7C) spectra decreased sharply after coating, 
indicating that the Fe3O4 beads’ surface has been covered by a layer of carbon. The 
relative atomic percentages shown in Figure 4-7D present a tremendous increment in 





Figure 4-7: XPS spectra of (A) C 1s, (B) O 1s and (C) Fe 2p of bare Fe3O4 beads 
(black lines) and Fe3O4/C beads (red lines). (D) Relative atomic percentage for Fe3O4 
and Fe3O4/C beads. 
4.6 SYNTHESIS OF POROUS HOLLOW α-FE2O3 BEADS 
α-Fe2O3 beads were obtained by oxidizing the Fe3O4 beads at 450 oC. The 
corresponding SEM and XRD for the α-Fe2O3 beads are presented in Figure 4-8. As 





Figure 4-8: (A, B) SEM images and (C) corresponding XRD pattern of the 
as-obtained α-Fe2O3 beads. 
4.7 ELECTROCHEMICAL PERFORMANCES OF CARBON COATED POROUS 
HOLLOW FE3O4 BEADS 
The electrochemical performance of the as-obtained Fe3O4/C, Fe3O4 and 
α-Fe2O3 beads with respect to Li insertion/removal were investigated. Figure 4-9A 
shows the discharge/charge profiles for Fe3O4/C composite beads at a current density 
of 100 mA g-1. A potential plateau at around 0.8 V versus Li+/Li was observed in the 
first discharge curve, which was similar to literature descriptions for Fe3O4 based 
anodes.[56, 131] Form the theoretical capacity of Fe3O4 and the carbon content 
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percentage obtained previously, the theoretical specific capacity of the as-obtained 
Fe3O4/C composite beads could be calculated to be around 816 mA h g-1. As indicated 
in the discharge/charge profiles (Figure 4-9A), the first specific charge capacity of 
Fe3O4/C was 772 mA h g-1, which was around 94% of its theoretical capacity. The 
irreversible capacity in the first cycle can be attributed to the decomposition of 






Figure 4-9: (A) The discharge/charge profiles of Fe3O4/C composite beads at a current 
density of 100 mA g-1. (B) Discharge and charge capacity (lithium storage) vs. cycle 
number between 3V and 5mV, (I) Fe3O4/C composite beads with a current density of 
100 mA g-1 (solid and hollow triangles), (II) Fe3O4/C composite beads with a current 
density of 500 mA g-1 (solid and hollow squares), (III) hollow Fe3O4 beads with a 
current density of 100 mA g-1 (solid and hollow spheres), (IV) bare Fe2O3 beads with 
a current density of 100 mA g-1 (solid and hollow diamonds), (V) solid Fe3O4 beads 
with a current density of 100 mA g-1 (solid and hollow dots). The dash line is the 
theoretic capacity of graphite. 
The cycling performances of the Fe3O4/C composite beads are shown in Figure 
4-9B (I). With a current rate of 100 mA g-1, after a small initial decay, the capacity of 
Fe3O4/C beads stabilized around 700 mA h g-1, and delivered a capacity of 698.8 mA 
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h g-1 based on the mass of both Fe3O4 and carbon coating, or 873.5 mA h g-1 without 
consideration of the carbon coating mass at 50th cycle. Such a high capacity was 
contributed by the combining effect of high theoretical capacity of Fe3O4 material, 
nanosized constituent Fe3O4 particles, specially designed hollow and porous structure, 
and the carbon coating. The Fe3O4/C composite beads were also tested with a higher 
current density (500 mA h g-1). As shown in Figure 4-9B (II), a lower but stable 
capacity curve was obtained, which delivered a capacity of 573.1 mA h g-1 (based on 
the total mass of Fe3O4 and carbon coating) or 716.4 mA h g-1 (based only on the mass 
of Fe3O4) at 50th cycle.  
In order to demonstrate the effect of carbon coating, the electrochemical 
performance of the hollow Fe3O4 beads was tested as a comparison. As shown in 
Figure 4-9B (III), without the carbon coating layer, the capacity of the hollow Fe3O4 
beads experienced a fast initial decay and finally stabilized around 500 mA h g-1 after 
50 cycles. As suggested by such electrochemical testing results, with carbon coating 
layer, the capacity retention property of Fe3O4 material can be greatly improved for 
about 200 mA h g-1 after 50 cycles, demonstrating the crucial effect of carbon coating 
in enhancing the cycling performance of anode materials.[20, 132]  
The cycling performance of the hollow Fe2O3 beads was also tested as a 
comparison. As shown in Figure 4-9B (IV), the capacity of hollow Fe2O3 beads 
dropped even faster than that of hollow Fe3O4 beads and delivered a capacity of 409 
mA h g-1 at 50th cycle. This was mainly caused by its lower conductivity as compared 
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to Fe3O4. In order to investigate the effect of hollow structure on electrochemical 
behavior, the cycling performance of solid Fe3O4 beads obtained after 2 days 
solvothermal process (Figure 4-2E) was also tested at a current density of 100 mA g-1. 
As shown in Figure 4-9B (V), a fastest capacity fading among all samples was 
observed with a reversible capacity at 50th cycle of 311 mAh g-1, demonstrating the 
important effect of hollow interior on enhancing the capacity retention property of the 
Fe3O4 beads by mitigating the volume change during lithium insertion/removal 
process. 
4.8 MORPHOLOGICAL CHANGES AFTER CYCLING 
Figure 4-10 provides an insight behind these numerical data in terms of the 
morphological changes of bare Fe3O4 and Fe3O4/C beads after 50 cycles of 
charging/discharging. Small number of broken beads can be found in the bare Fe3O4 
sample after 50 cycles of electrochemical testing. Figure 4-10A shows the 
morphology of a typical broken Fe3O4 bead. However, almost all Fe3O4/C beads 
preserved intact structures after 50 times of cycling (Figure 4-10B), demonstrating the 
crucial effect of carbon coating in holding the structure integrity of these hollow and 




Figure 4-10: (A) The typical morphology of a broken Fe3O4 bead and (B) an intact 
Fe3O4/C bead found after 50 cycles of charging/discharging. 
4.9 REMARKS 
In summary, porous hollow Fe3O4 beads for lithium ion battery anodes were 
synthesized via a facile solvothermal route. The growth process for the porous hollow 
beads was carefully monitored and the synthesis mechanism based on oriented 
assembly and Ostwald ripening was proposed. The large void space in between the 
constituent Fe3O4 nanoparticles and hollow interior of the as-obtained beads were 
desirable to mitigate the volume change problem during Li ion insertion/removal 
process. A layer of carbon coating was incorporated on the surface of each Fe3O4 bead 
to enhance its conductivity and structure integrity. Compared with the bare Fe3O4 
beads, carbon coated Fe3O4 (Fe3O4/C) composite beads delivered an enhanced 
specific capacity around 700 mA h g-1 at a current rate of 100 mA g-1 after 50 cycles, 
showing their promising application for high performance lithium ion batteries. 
In the next chapter, two-dimensional carbonaceous materials, graphene, will be 
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synthesized and incorporated with the porous hollow Fe3O4 beads described in this 
chapter. The superior effect of graphene in enhancing the overall capacity retention 




CHAPTER 5: HOLLOW POROUS FE3O4 
BEADS/REDUCED GRAPHENE OXIDE COMPOSITES 
WITH SUPERIOR CAPACITY RETENTION PROPERTIES 
5.1 MOTIVATIONS AND DESIGN OF EXPERIMENT 
As described in Chapter 3 and 4, carbon coating can be applied to enhance the 
conductivity and structural integrity of the metal oxide anodes.[56] Very recently, 
another carbonaceous material, graphene (G), has found more promising application 
in anode than carbon due to its superior electric conductivity, excellent mechanical 
property and chemical stability. The composites of graphene with active anode 
materials such as Sn,[133] Si,[134] SnO2,[135-137] MnO2,[73] Mn3O4,[53, 138] MoS2,[139] 
Co3O4,[140] Fe2O3[141] and Fe3O4,[83, 142-146] have been reported to have high capacity 
and excellent cycling performance. More interestingly, it was reported by Cheng et al 
that the composites such as Fe3O4/G and Co3O4/G showed gradual increased capacity 
over cycles.[131, 147] It is believed that graphene played an important role in such a 
capacity increase, although the exact mechanism for such an abnormal capacity 
increase has not been well understood.  
Despite the interesting observation of capacity increase over cycles of Fe3O4/G 
and Co3O4/G composite anodes as reported, more studies are needed to optimize the 
nanostructures of these composites including the metal oxide morphology and the 
interaction between the metal oxide and graphene in order to achieve a superior anode 
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performance. Herein, we report a new Fe3O4/reduced graphene oxide (rGO) 
composite structure in which the active Fe3O4 was purposely designed as hollow 
porous beads which have excellent structural integrity during Li insertion and 
removal.[78] The hollow porous Fe3O4 beads were either chemically attached or tightly 
wrapped with rGO sheets in the composite structure. This new Fe3O4/rGO composite 
structure was synthesized though a facile solvothermal process in which the formation 
of hollow porous Fe3O4 beads, reduction of graphene oxide (GO) into rGO, and 
uniform mixing between these two materials were accomplished in one step. The 
solvent, ethylene glycol (EG), also played the role of reduction media during the 
synthesis. Compared to other reduction processes which often introduce undesired 
consequences such as unwanted foreign objects (metal powder),[148] additional 
experimental procedure (annealling),[142] and toxicity (hydrazine),[149] EG-assisted 
reduction had none of these shortcomings. Besides, the usage of EG is completely 
compatible with the synthesis process of hollow porous Fe3O4 beads.  
In order to test the cycling performance of the obtained composite anode, a 
capacity retention test of 170 cycles at 100 mA g-1 was carried out for the duration of 
5 months. The as-obtained composite electrode showed superior cycling performance 
with gradual increased reversible capacity over cycles from 801 mAh g-1 at the 1st 
cycle to 1039 mAh g-1 at 170th cycle, demonstrating a 30 % increment.  
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5.2 SYNTHESIS OF RGO INCORPORATED POROUS HOLLOW FE3O4 BEADS 
(FE3O4/RGO) 
5.2.1 PREPARATION OF GO 
GO was prepared by oxidation of natural flake graphite powder using a modified 
Hummers method.[94] In a typical synthesis, 1 g graphite powder and 1 g NaNO3 were 
mixed, and then put into 46 mL of concentrated H2SO4 (98%) with a ice bath. After 
magnetically stirred for 1 hour, 6 g KMnO4 was gradually added into the mixture 
under stirring. The mixture was then transferred to a water bath of 35 oC for 1 day. 
Successively, 40 mL of de-ionized water was slowly added into the mixture, during 
which the temperature of the mixture rose to around 80 oC. Finally, 100 mL of 
de-ionized water followed by 20 mL of 20% H2O2 solution were added into the 
mixture, and the mixture was further stirred for 30 min. The final product, GO, was 
collected by centrifugation, and was repeatedly rinsed with 4% HCl solution followed 
by de-ionized water. Finally, the oxidized graphite was freeze dried for 4 days. 
5.2.2 SYNTHESIS OF RGO INCORPORATED POROUS HOLLOW FE3O4 BEADS 
(FE3O4/RGO) 
A mixture containing 2 mmol FeCl3 6H2O, 2 mmol DDA, 2 mmol HaOH, and 
appropriate amount of GO was transferred into a 125 mL Teflon-lined stainless steel 
autoclave and solvothermally treated in an air-flow electric oven at 200 ˚ C for 4 days. 
The slurry-like final product was collected by magnet and washed with pure ethanol 
for 3 times. Subsequently, the obtained composite material was dried in a 70oC oven 
71 
 
for two days and tested for electrochemical performance. 
5.2.3 SYNTHESIS OF RGO 
Appropriate amount of GO was dispersed in EG by ultrasonication. The mixture 
was then transferred into a 125 mL Teflon-lined stainless steel autoclave and 
solvothermally treated in an air-flow electric oven at 200 ˚ C for 4 days. The final 
product was collected by centrifugation and washed with pure ethanol for 3 times. 
5.2.4 ELECTROCHEMICAL MEASUREMENTS FOR FE3O4/RGO 
For galvanic charge and discharge testing, a half battery cell was prepared using 
a prepared-negative electrode as an anode, pure Li foil as a counter electrode, two 
pieces of separators (Celgard 2500) and 6-10 drops of electrolyte (1M LiPF6 in EC: 
DEC: DMC = 1:1:1 organic solutions). Swagelok mound was applied for half-battery 
assembling in argon-filled glovebox. All the tests were conducted in a voltage range 
of 0.05 – 3.0V vs. Li0/Li+ at room temperature. To prepare the working electrode, 
slurry was firstly made by mixing active material, carbon black (super P) and PVDF 
(polyvinylidene fluoride) in the weight ratio of 80:10:10 together with 
n-methyl-2-pyrrolidone (NMP). Of particular, the slurry for pure rGO was the mixture 
of rGO and PVDF (90:10) while the active material for mechanical mixture between 
Fe3O4 and rGO (Fe3O4/rGO-m) was mixed by bare Fe3O4 beads and pure rGO in the 
mass ratio of 81:19. Then the slurry was stirred at least overnight to uniformly 
disperse. Finally, the prepared-slurry was pasted onto a titanium foil with radius 
controlled in the range of 7-8 mm. Before assembling the batteries, the 
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prepared-electrodes were dried in a vacuum oven at 120 oC for at least 12h. 
5.3 MORPHOLOGICAL CHARACTERIZATION OF FE3O4/RGO  
The morphology of the as-obtained Fe3O4/rGO composites was examined by 
SEM. A low magnification SEM image is shown in Figure 5-1A, in which the white 
dots were the active Fe3O4 beads and the dark wrinkled layers belonged to rGO sheets. 
Such composite materials were retrieved by magnet during sample collection, 
suggesting that all rGO sheets shown in this composite were tightly bound to Fe3O4 
beads. With a slightly higher magnification as shown in Figure 5-1B, the morphology 
of individual Fe3O4 beads is better revealed. As reported by our group previously, after 
a process of oriented assembly and Ostwald ripening, hollow and porous Fe3O4 beads 
consisting of numbers of Fe3O4 nanoparticles were formed in the solvothermal 
process.[78] Each Fe3O4 bead is in intimate contact with rGO sheets and had a diameter 
around 500 nm. Such a big dimension greatly helped prevent the restacking of rGO 
sheets, avoiding the loss of high active surface area.[131] Besides, due to the well 
exfoliation of graphite, the obtained rGO layers are apparently transparent even under 
SEM observation. Two typical morphologies of Fe3O4 beads are shown in this image: 
half-spherical Fe3O4 beads firmly attached to rGO sheets and spherical Fe3O4 beads 
tightly wrapped with rGO sheets. The formation of these two types of Fe3O4 beads 
corresponds to two different growth mechanisms.  
More typical SEM images of the half-spherical and spherical Fe3O4 beads are 
shown in Figure 5-1C and 1D, respectively. The inset of Figure 5-1C shows the view 
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of a half-spherical hollow porous Fe3O4 bead through a thin layer of rGO. The inset of 
Figure 5-1D shows a single spherical Fe3O4 bead tightly wrapped with rGO sheets. 
For both of these structures, strong anchoring between Fe3O4 beads and rGO sheets 
were created, facilitating the electron transportation between active Fe3O4 and rGO 
sheets, leading to a superior battery performance. Besides, the volume change of 
Fe3O4 during charge/discharge process was well confined by the wrapping of rGO 
sheets. 
 
Figure 5-1: (A) Low magnification and (B) high magnification SEM images of the 
as-obtained Fe3O4/rGO composites. SEM images of typical (C and its inset) 
half-spherical and (D and its inset) spherical Fe3O4 beads. Scale of insets: 200 nm. (E) 
Low magnification TEM image of a single Fe3O4 bead on rGO sheet. Inset: high 
magnification TEM image of the highlighted region in E. Scale of inset: 2 nm. (F) 




The TEM image of a single Fe3O4 bead and rGO sheets is shown in Figure 5-1E, 
in which the hollow and porous nature of Fe3O4 bead was clearly revealed. The inset 
showed the lattice fringes of Fe3O4 in the boxed area. The interplane distance of 0.485 
nm corresponded to the (111) plane of Fe3O4 structure. Figure 5-1F shows the typical 
X-ray diffraction (XRD) pattern of the as-obtained Fe3O4/rGO composites. Compared 
with that of pure Fe3O4, a low and broadened diffraction peak (inset of Figure 5-1F) 
was observed in the range of 20-27o, which originated from disorderedly stacked rGO 
sheets.[147] All other peaks can be assigned to cubic magnetite structure (JCPDS 
65-3107).  
5.4 SYNTHESIS MECHANISM 
As illustrated in Figure 5-2, during the synthesis, the GO sheets were well 
dispersed in the solvent EG and a GO three-dimensional network was formed, in 
which the Fe3+ precursor salts were fully dissolved. As the solvothermal reaction 
started, Fe3O4 nanoparticles were formed first based on two different growth 
mechanisms: heterogeneous and homogeneous growth. In the former, the Fe3O4 
nanoparticles were formed on GO surface through various oxygen-containing 
functional groups.[94] These nanoparticles behaved as seeds for the formation of the 
half-spherical beads that firmly attached to GO surface after Ostwald ripening process. 
For the homogeneous growth, Fe3O4 nanoparticles were formed in between the GO 
sheets. After the orientated assembly and Ostwald ripening process, spherical hollow 
porous Fe3O4 beads were formed within the limited space of the GO 3D network, and 
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thus the final Fe3O4 beads were tightly wrapped by GO sheets when they grew to a 
big size around 500 nm. During the solvothermal reaction, GO sheets were 
concurrently reduced into rGO sheets by EG. The reduction degree of GO by EG 
would be discussed in the later part. 
 
Figure 5-2: Schematic illustration of Fe3O4/rGO composites via solvothermal route. 
5.5 CHARACTERIZATIONS OF GO AND RGO 
As a crucial component of the composite anode in this work, GO (before 
reduction by EG) and rGO were further characterized. A low magnification SEM 
image of GO sheets prepared by spin coating on silicon substrate is shown in Figure 
5-3A, in which wrinkles and scrolling of GO sheet could be observed. Figure 5-3B 
shows a typical AFM image of a single piece exfoliated GO sheet with a size around 
5µm. The average thickness of the as-prepared GO sheet is around 0.968 nm, which is 
slightly larger than the theoretical value of 0.35 nm for single layer graphene. The 
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additional thickness might rise from the oxygen-containing groups such as epoxy and 
hydroxyl groups on GO surface.[148] Figure 5-3C shows a TEM image of an rGO sheet 
at the vicinity of a Fe3O4 bead. Scrolling can be observed at the edge of the rGO sheet. 
High resolution TEM image of the highlighted part of the rGO sheet is shown in 
Figure 5-3D. Several layers of rGO stacks could be observed. The distance between 
rGO stacks is around 0.355nm, which is slightly larger than the interplane distance of 
graphite, indicating that the crystalline structure of graphite was broken and became 
slightly disorder after the oxidation process. A typical electron diffraction pattern of 
rGO is shown in the inset of Figure 5-3D. The well-defined diffraction spots shown in 
such SAED pattern confirm the crystalline structure of as-obtained rGO. The 






Figure 5-3: (A) Low magnification SEM image of the obtained GO sheets. (B) AFM 
image of GO sheet with height profile. (C) Low magnification TEM image of rGO 
sheet at the vicinity of a Fe3O4 bead. (D) High magnification TEM image of the 
highlighted region in C. Inset: SAED pattern of rGO sheet. 
5.6 CHEMICAL AND POROSITY CHARACTERIZATION OF FE3O4/RGO  
The reduction degree of GO by EG was investigated by X-ray photoelectron 
spectroscopy (XPS). As shown in Figure 5-4A, the XPS spectrum of C 1s from GO is 
collected, which can be deconvoluted into four peaks (dashed lines) with different 
relative carbon content: sp2 bonded carbon at 284.5 eV (C-C, 35.8%), 
epoxy/hydroxyls at 286.5 eV (C-O, 50.2%), carbonyls at 287.1 eV (C=O, 8.9%), and 
carboxy1s at 288.3 eV (O-C=O, 5.1%), indicating the high percentage of 
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oxygen-contained functional groups. In comparison, after 4 days reduction by EG in 
solvothermal environment, the XPS spectrum of C1s from Fe3O4/rGO (Figure 5-4B) 
indicates a remarkable reduction in oxygen content. Specifically, C=O peak almost 
vanished; C-O and O-C=O peaks have very low relative carbon content, that were 
13.1% and 5.0%, respectively; while C-C peak had a high relative carbon content of 
81.9%. Therefore, it was proven that EG was a very effective reducing agent to reduce 
most of the oxygen content.  
Raman spectroscopy was used to characterize the structural change of GO during 
reduction to rGO. As shown in Figure 5-4C, two bands can be observed in the range 
from 1000 to 1800 cm-1 in the Raman spectrum of both GO and rGO: G band 
corresponded to in-plane stretching of ordered sp2 bonded carbon, whereas D band 
was ascribed to defects like edges and disordered carbon. A typical G band at 1593 
cm-1 and a prominent D band 1350 cm-1 were observed in the GO sample. After 
solvothermal reduction by EG, the G band of rGO shifted from 1593 to 1580 cm-1 due 
to the restoration of isolated double bonds formed in GO back to conjugated double 
bonds in rGO.[148] Upon reduction of GO to rGO, a significant increase in the intensity 
of D band relative to G is observed, indicating a high degree of disorder within the 
rGO structure. As reported previously, defects such as edges and vacancies in 
carbonaceous materials are able to accommodate additional Li.[150] Therefore, the 
additional defects introduced by reduction process are able to act as active sites for Li 




Figure 5-4: XPS spectra of C 1s from (A) GO and (B) Fe3O4/rGO. (C) Raman spectra 
of GO (red) and Fe3O4/rGO (black). (D) Nitrogen adsorption and desorption isotherm 
of Fe3O4/rGO composite. 
The porous structure characteristics and Brunauer-Emmett-Teller (BET) surface 
area of the Fe3O4/rGO composites were investigated by nitrogen isothermal 
adsorption as shown in Figure 5-4D. Surface area measurement indicates that 
Fe3O4/rGO composites had a BET surface area of 53.7 m2 g-1, which is much higher 
than that of commercial Fe3O4 (~2 m2 g-1). Such high surface area indicated a porous 
structure of the obtained composite material, which is beneficial for the electrolyte 
diffusion to active sites.[83] Besides, these open pores were able to accommodate huge 
volume change of active Fe3O4 materials during Li insertion/removal, which was the 
major obstacle for transition metal oxide-based electrode material to retain structure 
integrity as well as the overall capacity upon cycling.[131] Therefore, satisfactory 
capacity retention property was expected for such porous Fe3O4/rGO composite 
electrode material.   
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5.7 ELECTROCHEMICAL PERFORMANCES OF FE3O4/RGO 
The electrochemical performance of the as-obtained Fe3O4/rGO composites was 
firstly evaluated by charge/discharge profiles. As shown in Figure 5-5A, the 
charge/discharge profiles of the composite electrode in the first five cycles were 
presented at a current density of 100 mA g-1 and a voltage range between 3 V and 50 
mV vs Li+/Li. An extended voltage plateau at 0.8 V was observed in the first 
discharge step, corresponding to the reduction of Fe3O4 to Fe(0).[56] A sloping plateau 
around 2 V at the charge curve represented the reverse reaction. The principle 
electrochemical reaction occurred within the electrode could be summarized as: Fe3O4 
+ 8e- + 8Li+  3Fe0 + 4Li2O. If 8 Li+ could be removed reversibly form Fe3O4, a 
theoretical capacity of 922 mAh g-1 could be reached. The first discharge and charge 
capacities of the composites were 1233 and 801 mAh g-1, respectively. This initial 
charge capacity is comparable with those reported in literature with similar anode 
components.[83, 131, 143-146] The initial capacity loss in the first cycle might be attributed 





Figure 5-5: (A) Discharge/charge profiles of Fe3O4/rGO composite electrode for the 
first five cycles. (B) Cycling performance of Fe3O4/rGO composite beads (blue solid 
and hollow spheres), and bare Fe3O4 beads (red solid and hollow diamonds). (C) 
Cycling performance of composite electrode obtained through mechanical mixing 
Fe3O4 beads and rGO sheets. (D) Cycling performance of pure rGO. Inset: 
Discharge/charge profiles of rGO electrode for the first two cycles. All curves 
presented in this figure were tested between 3V and 50mV with a current density of 
100 mA g-1. 
According to the TGA result as shown in Figure 5-6, the rGO content was 
determined to be around 19.0 wt%. Furthermore, as shown in Figure 5-5A, the 
reversible capacity of such composite material was increased by 30 mAh g-1 from the 




Figure 5-6: TGA curves of the obtained Fe3O4/rGO composite. 
The superior cycling performance of the Fe3O4/rGO composites was shown in 
Figure 5-5B. As reported in literature, Fe3O4/rGO composite anodes with similar 
Fe3O4 percentage were usually tested for 30 to 50 cycles, delivering reversible 
capacity in the range of 650 to 1045 mAh g-1 at current density of 100mA g-1 or 
below.[83, 131, 143, 144] As shown in Figure 5-5B, with the current density kept at 100 mA 
g-1, the reversible capacity of solvothermally obtained Fe3O4/rGO composites 
increased from 801 mAh g-1 to 1039 mAh g-1 after 170 cycles, demonstrating an 
extremely promising stable cycling performance over a prolonged testing period. 
Over 170 cycles, the capacity was increased by 30 %. According to literature, one 
possible reason for such increment was the reversible growth of polymeric gel-like 
film due to the kinetically activated electrolyte degradation.[131, 151, 152]  
It was believed that the superior cycling performance of the composites was due 
to the strong synergistic effects between Fe3O4 beads and rGO sheets, which included: 
(1) large and intimidate contact between active Fe3O4 beads and conductive rGO 
sheets as a result of the well mix of Fe3+ and GO precursors, (2) good confinement of 
active materials by rGO sheets to further compensated the volume change of Fe3O4 
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beads and enhanced the structure integrity besides the effort contributed by hollow 
porous structure of Fe3O4 beads, (3) large active Fe3O4 beads (~500 nm) preventing 
the restacking of rGO layers which limits permeation of electrolyte between rGO 
layers, (4) extra Li storage sites provided by rGO,[150] (5) possible further exfoliation 
of rGO layers by the penetration of Li ion[153] and local pressure vibration induced by 
the volume change of Fe3O4 beads during charging/discharging to expose new 
accessible active sites in rGO, thus delivering an increased capacity over cycles.  
 
Figure 5-7: SEM images of the obtained bare Fe3O4 beads. 
Besides, the cycling performance of the bare hollow and porous Fe3O4 beads 
(morphology shown in Figure 5-7) was also tested as a reference. A relatively fast 
capacity fading was observed at a current density of 100 mA g-1 with a reversible 
capacity of 442 mAh g-1 at 50th cycle, indicating the crucial effect of rGO in 
enhancing the capacity retention property of Fe3O4 beads. 
As shown in Figure 5-8(A) and (B), the Fe3O4/rGO composite was still able to 
preserve its morphology after 170 cycles of charge/discharge, as no major structure 
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changes can be observed. On the contrary, many broken Fe3O4 beads can be found 
after the cycling of the anode consisting bare Fe3O4 beads shown in Figure 5-8 (C) 
and (D), indicating the crucial role of rGO in preserving the anode structure integrity 
and thus enhancing the electrochemical performance of the electrode material. 
 
Figure 5-8: (A), (B) SEM images of solvothermally obtained Fe3O4/rGO composite 
after cycling. (C), (D) SEM images of bare Fe3O4 beads after cycling 
Moreover, another set of sample was prepared by mechanically mixing Fe3O4 
beads and rGO sheets (Fe3O4/rGO-m) with the same component ratio (81 wt% of 
Fe3O4 and 19 wt% of rGO). The morphology of such mixture was shown in Figure 
5-9. The Fe3O4/rGO-m showed a continuous descending capacity from 819 to 722 
mAh g-1 over 50 cycles, as shown in Figure 5-5C. There was no steady increase in 
capacity observed for such mechanically mixed samples. As compared to the 
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composites prepared using solvothermal method, the mechanically mixed composites 
lacked strong interaction between Fe3O4 and rGO, [143] which was believed to be the 
key factor for the capacity increase.  
 
Figure 5-9: SEM images of obtained Fe3O4/rGO mixture obtained by mechanical 
mixing. 
The electrochemical performance of pure rGO sheets obtained through the same 
solvothermal process was also examined as shown in Figure 5-5D. The inset of Figure 
5-5D showed the charge/discharge profile of pure rGO at the first two cycles. Similar 
to the previous report on electrochemical performance of rGO material, no obvious 
voltage plateau was observed.[154, 155] The discharge and charge capacities were 473 
and 221 mAh g-1 for the first cycle and 272 and 214 mAh g-1 for the second cycle. 
The reversible capacity of pure rGO showed small turbulence around 210 mAh g-1 
and delivered a capacity of 204 mAh g-1 at 50th cycle. Without the large Fe3O4 beads 
functioned as spacers in rGO networks, restacking of rGO sheets was highly possible, 
thus leading to such a slightly decreasing trend in the overall cycling performance of 
rGO electrode. 
To further investigate the electrochemical performances of the Fe3O4/rGO 
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composite electrode, its rate capability was tested and the results were shown in 
Figure 5-10A. As a comparison, the rate capability of the bare Fe3O4 electrode was 
also tested in the same condition and was shown in Figure 5-10B. Compared to the 
bare Fe3O4, Fe3O4/rGO composite demonstrated a much better rate performance. For 
example, the composite material can deliver a stable capacity of 993 mAh g-1 after 10 
cycles at 50 mA g-1, whereas the reversible capacity of the bare Fe3O4 beads was 883 
mAh g-1. For the subsequent current densities, the reversible capacities of Fe3O4/rGO 
composite and Fe3O4 beads were 939 and 515 mAh g-1 after 20 cycles at 100 mA g-1, 
647 and 278 mAh g-1 after 20 cycles at 500 mA g-1, 396 and 55 mAh g-1 after 20 
cycles at 1000 mA g-1, respectively. For higher current densities, Fe3O4/rGO electrode 
was still able to deliver capacities of 246 and 193 mAh g-1 after 20 cycles at 1500 and 
2000 mA g-1, respectively; while the capacity of bare Fe3O4 electrode vanished to near 
zero. Furthermore, when the current density returned to 50 mA g-1 after 110 cycles, 
unlike the bare Fe3O4 electrode which still delivered a nearly zero capacity, the 
Fe3O4/rGO composite electrode recovered 87% of its original capacity at 120th cycle 





Figure 5-10: Rate capability of Fe3O4/rGO composites and (B) bare Fe3O4 beads 
electrodes at various current densities between 50 and 2000 mA g-1. 
5.8 REMARKS 
In summary, based on our previous work on the synthesis of hollow porous 
Fe3O4 beads, a novel structure consisting of hollow porous Fe3O4 beads and rGO 
sheet was successfully obtained through a one-step solvothermal method. The 
obtained Fe3O4/rGO composite electrode delivered an increasing reversible capacity 
over 170 cycles at a current density of 100 mA g-1, from 801 to 1039 mAh g-1, 
showing its superior cycling property. Besides, the rate capability of Fe3O4/rGO 
composite electrode showed great improvement compared to bare Fe3O4 beads. The 
strong synergistic effect between Fe3O4 beads and rGO sheets were believed to play a 
crucial role in such satisfactory electrochemical performance.  
As studied form Chapter 3 to Chapter 5, the incorporation of carbonaceous 
materials, including glucose-derived carbon and graphene, are able to improve the 
capacity retention properties of metal oxides based anodes while still delivering much 
higher capacities than that of graphite. In the next chapter, the focus will be shifted to 
the improvement of rate capability of metal oxide anodes. 
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CHAPTER 6: FE3O4 NANOPARTICLES EMBEDDED IN 
UNIFORM MESOPOROUS CARBON SPHERES FOR 
SUPERIOR HIGH RATE BATTERY APPLICATIONS 
6.1 MOTIVATION AND DESIGN OF EXPERIMENT 
In the previous three chapters, the focus is on the improvement of capacity 
retention properties of metal oxide based anodes. However, to develop the next 
generation lithium ion batteries for the application of electric vehicles, power density 
(rate capability) is another critical issue that must be addressed.[5, 6] In order to build 
an anode material with high power density and long cyclic stability, a specially 
designed heterogeneous structure is required.[156-158]  
Mesoporous carbon is considered as an ideal framework to encapsulate 
electrochemically active particles for LIB applications.[159-161] The ordered mesopores 
provide confined spaces for the accommodation of electrochemically active particles, 
where the volume expansion of these particles can be buffered by mesopores and 
carbon matrix; while the interlaced networks of interconnecting pores and carbon 
framework provide perfect channels for electrolyte penetration and electron 
conduction, respectively.[17] 
In this chapter, with the aim at reaching high power density and satisfactory 
cyclic stability, composite anode materials composed of iron oxide (Fe3O4) 
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nanoparticles with diameter around 5 nm confined inside mesoporous carbon spheres 
with uniform size (~70 nm) were synthesized. Iron oxide (Fe3O4) was chosen as the 
electrochemical active component in such composite, due to its high theoretical 
capacity,[34] ease of fabrication into nanosize,[162] and compatibility with the overall 
synthesis. To boost the power density of an anode material, nano-sized Fe3O4 particles 
are preferred due to their significant shorter lithium path length compared with their 
bulk counterpart.[52] Besides, the small size is able to partially buffer the stress and 
strain related to the particle volume expansion/contraction during the lithium 
insertion/removal.[69] Furthermore, the resultant high surface area permits a higher 
contact area between electrolyte and electrode, thus achieving a higher lithium flux 
across the interface.[163]  
Being embedded in mesoporous carbon sphere, these nano-sized Fe3O4 particles 
were in direct contact with both lithium ion and electron transportation media, namely 
electrolyte and carbon, which was beneficial for high rate performances. Also, the 
volume change of Fe3O4 nanoparticles was greatly buffered by the mesopores and 
surrounding carbon matrix. Each Fe3O4 nanoparticle was held in position by the 
carbon matrix, preventing them from agglomeration upon cycling. Moreover, the 3-D 
carbon spheres provides the robustness which was necessary to maintain the structure 
integrity, as well as the cyclic stability of such anode composite.[53]  
Compared with the commonly reported graphene in metal oxide composite 
electrodes, mesoporous carbon has several advantages: relative ease in synthesis via a 
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low temperature hydrothermal method,[164] large quantity can be obtained after every 
hydrothermal process,[87] and a much safer fabrication process that does not include 
highly concentrated acids. 
6.2 SYNTHESIS OF UNIFORM MESOPOROUS CARBON SPHERES 
EMBEDDED BY FE3O4 NANOPARTICLES (IONP@MC) 
6.2.1 SYNTHESIS OF WATER-SOLUBLE FE3O4 NANOPARITLCES (IONP) 
The synthesis method was reported by Mathur and co-workers.[162] In a typical 
synthesis, 3 mmol (0.8109 g) of FeCl3·6H2O and 9 mmol (0.756 g) of NaHCO3 were 
dissolved in 30 mL of de-ionized water with the aid of magnetic stirring. Meanwhile, 
0.5 mmol (0.088 g) of L-ascorbic acid was separately dissolved in 10 mL of 
de-ionized water by stirring. After 30 min, two solutions were mixed together and 
allowed the stirring continue for another 20 min. Finally, the solution was transferred 
into a 125 mL steel-lined Teflon autoclave and treated hydrothermally at 150oC for 6 
h. The as-obtained particles were collected by centrifuge and washed by ethanol 
followed by de-ionized water for several times.  
6.2.2 SYNTHESIS OF IRON OXIDE NANOPARTICLES EMBEDDED IN POLYMERIC 
COMPOSITE (IONP@PC) 
In a typical synthesis of IONP@PC, 0.8 g of phenol, 20 mL of 0.1 M NaOH 
aqueous solution, and 2.8 mL of formalin solution were mixed and stirred at 70 oC for 
30 min. Subsequently, 15 mL of deionized water containing 1.28 g of well-dissolved 
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triblock Pluronic F127 and appropriate amount of DHAA-coated Fe3O4 nanoparticles 
were added. After 2 h, 50 mL of de-ionized water was added and the reaction was 
allowed for another 20 h. The mixture was diluted 4 times and treated hydrothermally 
at 130 oC for 10 h to obtain IONP@PC. The obtained brownish sample was washed 
with ethanol and de-ionized water for several times. Different sets of samples were 
obtained by adding different amount of DHAA-coated Fe3O4 nanoparticles. For 
comparison, pristine polymeric composite (PC) was also prepared without adding any 
IONPs. 
6.2.3 SYNTHESIS OF IRON OXIDE NANOPARTICLES EMBEDEDD IN MESOPOROUS 
CARBON BEADS (IONP@MC) 
The obtained IONP@PC was freeze-dried and transferred into a quartz tube 
furnace, where it was heat-treated in Ar atmosphere to 450 and 600 oC at 5 oC min-1 
for 1 h to obtain IONP@mC-450 and IONP@mC-600, respectively. For pure PC, 
same heat treatments to 450 and 600 oC were applied and pristine mesoporous carbon 
spheres (mC-450 and mC-600) were obtained.  
6.2.4 ELECTROCHEMICAL MEASUREMENTS FOR IONP@MC 
The electrochemical cycling tests were performed using CR2016 coin-type cells. 
A typical cell includes an as-prepared electrode including active material as a working 
electrode, pure Li foil as a counter electrode, separator (Celgard 2500) and electrolyte 
(1M LiPF6 in EC: DEC: DMC = 1:1:1 organic solutions). All the battery cells were 
assembled in argon-filled glovebox. And all the cycling tests were conducted in a 
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same voltage window of 0.005 - 3.0 V vs. Li0/Li+ at room temperature while various 
current densities were applied. The working electrode was prepared by mixing active 
material, carbon black (Super P) and polyvinylidene fluoride (PVDF) in the weight 
ratio of 70 : 15 : 15 in n-methyl-2-pyrrolidone (NMP) solution. Then the obtained 
slurry was pasted onto a copper foil followed by drying it in a vacuum condition at 
120 oC for 12h before usage. The typical coating thickness was around 18μm. 
6.3 SYNTHESIS SCHEME 
In literature, there are several works reporting the incorporation of 
electrochemically active nanoparitcles into mesoporous carbon network. Kang and 
co-workers synthesized Fe3O4 nanocrystals confined in mesocellular carbon foam 
with irregular macropores via a host-guest approach for LIB application.[165] Wu and 
co-workers reported an ammonia-atmosphere pre-hydrolysis post-synthetic route for 
ordered mesoporous carbon encapsulating iron oxide (Fe2O3) for arsenic removal.[166] 
Fan et al also prepared a tin oxide/mesoporous cabon composite by deposition of tin 
chloride and phosphorus ester into mesoporous carbon for LIB anode application.[161] 
For all these aforementioned works, porous carbon frameworks were firstly 
synthesized and metal oxide particles were encapsulated via a post treatment, in 
which metal precursors were dissolved in porous-carbon-containing media and turned 
into oxides via hydrolysis followed by pyrolysis. However, such process led to 
unavoidable condensation of metal oxide particles on the surface of porous carbon, 
where the merits of utilizing porous framework cannot be realized.  
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In this chapter, the key concept is to synthesize iron oxide nanoparticles (IONPs) 
first, followed by a post treatment to make sure all of these IONPs were encapsulated 
in mesoporous carbon spheres. The schematic presentation of such synthesis method 
is shown in Figure 6-1. 
 
Figure 6-1: Schematic representation of the formation of IONP@mC-600. (A) IONPs 
and F127 micelles, (B) resol-Fe3O4 and resol-F127 monomicelles, (C) IONP@PC, (D) 
IONP@mC, (E) cross section of IONP@mC, and (F) magnified representation of a 
channel of IONP@mC. 
First, ultra-small water-soluble IONPs coated by dehydro-ascorbic acid (DHAA) 
were synthesized via a hydrothermal method with L-ascorbic acid used as 
surfactant.[162] The morphological characterization of these IONPs was shown in 
Figure 6-2. As-synthesized IONPs were dispersed in the aqueous solution of triblock 
Pluronic F127 where they formed micelles due to their amphiphilic nature (Figure 
6-1A). With the addition of phenolic resol, spherical resol-F127 and resol-Fe3O4 
monomicelles were formed via the hydrogen bond interaction between resol and 
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F127/DHAA (Figure 6-1B).[87] During the subsequent low-concentration 
hydrothermal treatment, these two kinds of monomicelles further assembled into 
spherical resol composite, forming iron oxide nanoparticles encapsulated in polymeric 
composite (IONP@PC) as shown in Figure 6-1C. Finally, iron oxide nanoparticles 
embeded in mesoporous carbon (IONP@mC) spheres were obtained after a high 
temperature treatment in an inert atmosphere where carbon framework and accessible 
mesopores were generated by the carbonization of phenolic resol and the removal of 
triblock F127, respectively (Figure 6-1D). Two different carbonization temperatures 
(450oC and 600oC) were used to give the final products: IONP@mC-450 and 
IONP@mC-600, respectively. Through such synthesis method, all Fe3O4 
nanoparticles were encapsulated inside of carbon beads because they were trapped in 
resol-Fe3O4 monomicelles at the early stage of reaction (Figure 6-1B). Figure 6-1E 
and 1F show the schematic illustrations of the cross-section and electron/lithium 
transportation channels of IONP@mC, respectively. 
 




6.4 MORPHOLOGICAL CHARACTERIZATIONS 
The morphologies of IONP@PC and IONP@mC-600 were examined by 
transmission electron microscopy (TEM) and are shown in Figure 6-3. Figure 6-3A 
and 2C show the morphology of IONP@PC and IONP@mC-600 under low 
magnification, respectively. Both of them were in spherical or elliptical shapes.  
 
Figure 6-3: TEM images of IONP@PC (A-C) and IONP@mC-600 (D-F). Insets of B 
and D: magnified TEM images of one IONP@PC and IONP@mC-600. Insets of C 
and F: SAED patterns of IONP@PC and IONP@mC-600. 
The average sizes of these two spheres were measured and calculated to be 75.1 
and 71.6 nm, respectively, with the size distribution graphs are shown in Figure 6-4. 
The reduction in average size after carbonization is due to the slight shrinkage of 
polymeric spheres after the removal of F127 template and carbonization of polymeric 
96 
 
composite.[167] Under higher magnifications, lots of distinct IONPs could be observed 
within each IONP@PC and IONP@mC-600 as shown in Figure 6-3B and 6-3E, 
indicating the successful incorporation of IONPs. Besides, compared with IONP@PC 
as shown in Figure 6-3B, numerous white dots can be observed in IONP@mC-60 as 
shown in Figure 6-3E, representing mesopores generated by the removal of the soft 
template F127. By comparing the magnified IONP@PC and IONP@mC-600 shown 
in the Insets of Figure 6-3B and 6-3E, both mesopores and IONPs could be clearly 
observed in IONP@mC-600. 
 
Figure 6-4: Particle size distributions of (A) IONP@PC and (B) IONP@mC-600. 
Under the highest magnification TEM images as shown in Figure 6-3C and 6-3F, 
most of IONPs were still very small in size even after a high temperature 
carbonization treatment. The Insets of Figure 6-3C and 6-3F showed the selected area 
electron diffraction (SAED) patterns of IONP@PC and IONP@mC-600, respectively. 
Each distinct diffraction ring was indexed to respective crystal planes for magnetite 
structure (JCPDS 65-3107).  
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By varying the initial IONPs amount, IONP@mC-600 with different Fe3O4 
percentages were obtained, with their morphologies showing in Figure 6-5. 
Specifically, mesoporous carbon spheres without the incorporation of IONPs were 





Figure 6-5 TEM images of IONP@mC-600 with different incorporated IONPs 
amount. (A, B) Mesoporous carbon spheres without IONP incorporated (mC-600). (C, 
D) IONP@mC-600-1 and (E, F) IONP@mC-600-2 were two sets of samples with 




IONP@mC-450 were obtained by calcinating IONP@PC at 450oC and also 
examined under TEM (Figure 6-6) and showed similar morphology to 
IONP@mC-600. 
 
Figure 6-6: (A, B) TEM images and (inset of B) SAED pattern of IONP@mC-450. 
The X-ray diffraction (XRD) patterns of IONP@PC (black) and IONP@mC-600 
(red) were shown in Figure 6-7. The low, broaden diffraction hump around 22o that 
could be observed for both samples were originated from the carbon matrix.[168] All 
other diffraction peaks were assigned to cubic magnetite structure (JCPDS 65-3107), 
which were also consistent with the SAED results. By Sherrer’s equation, the average 





Figure 6-7: XRD patterns of IONP@PC (lower black line) and IONP@mC-600 
(upper red line). 
6.5 POROSITY CHARACTERIZATIONS 
Nitrogen sorption isotherms and corresponding pore size distribution curves of 
pure mesoporous carbon carbonized at 600oC (mC-600), IONP@mC carbonized at 
600oC (IONP@mC-600), IONP@mC carbonized at 450oC (IONP@mC-450), and 
IONP@PC were shown in Figure 6-8A and 4B. Their porous characteristics and 
corresponding Fe3O4 percentage were summarized in Figure 6-8C. The nitrogen 
sorption isotherms of carbonized samples, namely mC-600, IONP@mC-600, and 
IONP@mC-450, showed combined type I/IV sorption isotherms with BET surface 
areas of 942.2, 699.1, and 461.6 m2 g-1, respectively. Hysteresis loops at both high 
and low pressures could be observed for all of these three samples. Such behavior 
indicated all these three spheres have both micropores and mesopores, where the 
micopores corresponded to the interparticle texture between spheres and mesopores 
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were formed by removing the soft template, triblock F127, after carbonization process, 
respectively.[87, 88, 164] Prior to carbonization, no mesopores existed in IONP@PC and 
the hysteresis loop at high pressure could be observed.  
 
(e) Calculated by the BET model from the adsorption branches of the isotherms. 
(f) Derived from the multipoint BJH model from adsorption data. 
(g) Estimated from the nitrogen absorbed amount at P/Po = 0.99. 
Figure 6-8: (A) Nitrogen sorption isotherms, (B) corresponding pore size distribution 
curves, and (C) Structural and textual properties of (a) mC-600, (b) IONP@mC-600, 
(c) IONP@mC-450, and (d) IONP@PC.  
The pore sizes of these four samples were derived from the 
Barrett–Joyner–Halenda (BJH) model from the desorption branches of the isotherms 
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to be 4.1, 3.4, 3.7, and 16.2 nm for mC-600, IONP@mC-600, IONP@mC-450, and 
IONP@PC, respectively. These values were consistent with those can be observed 
from TEM images shown in Figure 6-3 and 6-6.The pore volumes of these four 
samples were also presented in Figure 6-8C. Compared with the pristine mesoporous 
carbon (mC-600), samples with IONPs embedded (IONP@mC-600 and 
IONP@mC-450) showed lower surface areas and pore volumes, which could be 
originated from the increment in overall density by introducing IONPs. As 
summarized in Figure 6-8C, both the surface areas and pore volumes of the 
carbonized samples (IONP@mC-600 and IONP@mC-450) were much higher than 
those of IONP@PC. Such porous structures were desired for the penetration of 
electrolyte and the accommodation of volume change of IONPs, which were 
beneficial to the resultant battery performances. Furthermore, these samples were 
examined by thermogravimetric analysis (TGA) (Figure 6-9), with a high IONPs 
percentage of 39.4 wt% for IONP@mC-600.  
 





6.6 CHEMICAL ANALYSIS 
Figure 6-10 showed the X-ray photoelectron spectroscopy (XPS) spectrum of 
IONP@PC (Figure 6-10A) and IONP@mC-600 (Figure 6-10C) carried out in the 
region of 200-800 eV with the high resolution spectrum of C1s shown in Figure 
6-10B and D, respectively. As shown in Figure 6-10A, there was no Fe2p signal 
observed, indicating that all IONPs were successfully embedded in polymeric sphere. 
Similarly, the Fe2p peak was very weak after carbonization. Besides, a huge reduction 
in O1s intensity was observed after carbonization, showing the successful 
carbonization process.  
 
Figure 6-10: XPS spectra of (A) IONP@PC and (C) IONP@mC-600. High resolution 
XPS spectra of C1s from (B) IONP@PC and (D) IONP@mC-600. 
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Furthermore, the corresponding high resolution C1s XPS spectrum of IONP@PC 
and IONP@mC-600 shown in Figure 6-10B and D were deconvoluted into four peaks: 
sp2 bonded carbon (C-C), epoxy/hydroxyls (C-O), carbonyls (C=O), and carboxyls 
(O-C=O). As shown in the figure, after carbonization process, the relative carbon 
content of sp2 bonded carbon at 286.4 eV increased from 43.7 to 81.0 % from 
IONP@PC to IONP@mC-600. The XPS and high resolution C1s XPS spectrum from 
IONP@mC-450 were shown in Figure 6-11, with sp2 bonded carbon having a relative 
carbon content of 56.2 %. 
 
Figure 6-11: (A) XPS and (B) high resolution XPS spectra of C1s from 
IONP@mC-450. 
 
6.7 ELECTROCHEMICAL CHARACTERIZATIONS 
6.7.1 ELECTROCHEMICAL PERFORMANCES OF IONP/MC 
The electrochemical performances of IONP@mC-600 (carbonized at 600 oC), 
IONP@mC-450 (carbonized at 450 oC), IONP@PC (without carbonization) were 
examined using CR2016 coin-cells with lithium metal as counter electrode. The 
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electrode fabricated using IONP@mC-600 as active material was firstly tested at a 
current density of 500 mA g-1. Figure 6-12A showed the charge/discharge profiles of 
IONP@mC-600 at the first three cycles from 3 to 0.005 V.  
 
Figure 6-12: Electrochemical performances of IONP@mC-600, IONP@mC-450, and 
IONP@PC. Charge/discharge profiles of IONP@mC-600 at (A) current densities of 
500 mA g-1 and (B) higher rates from 1000 to 10000 mA g-1. Rate capability tests of 
IONP@mC-600 (blue sphere), IONP@mC-450 (red diamond), mC-600 (orange 
square), and mC-450 (green triangle) (C) from 500 to 2000 mA g-1, and (D) from 
3000 to 10000 mA g-1. (E) Subsequent cycling tests of IONP@mC-600 and 
IONP@mC-450 at 2000 mA g-1 for 500 cycles. 
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A plateau around 0.8 V versus Li+/Li0 in the first discharge curve was observed, 
corresponding to the reduction of Fe3O4 to Fe0 in conversion reaction: Fe3O4 + 8e- + 
8Li+ -> Fe0 + 4Li2O.[165] A sloping plateau around 1.8 V in the first charge profile 
reflected the reverse reaction.[56] The discharge and charge capacities in the first cycle 
were 1214.3 and 711.6 mAh g-1, respectively, with a first cycle capacity loss of 41%. 
High initial capacity loss is commonly observed for oxide anode materials.[141] 
Besides, the large surface area of the as-obtained mesoporous structure promoted the 
formation of solid electrolyte interface (SEI), which also contributed to the capacity 
loss in the first cycle.[131] In the second cycle, IONP@mC-600 delivered discharge 
and charge capacities of 734.2 and 671.2 mAh g-1, with the coulombic efficiency of 
91.4%. In order to demonstrate its high rate performance, IONP@mC-600 was tested 
under a wide range of current densities up to 10000 mA g-1. Figure 6-12B showed the 
charge/discharge profiles of IONP@mC-600 of the last cycles at different current 
densities.  
The cell fabricated from IONP@mC-600 was firstly investigated under a rate 
capability test from 500 to 2000 mA g-1. As shown in Figure 6-12C, during the first 
20 cycles under the current density of 500 mA g-1, the reversible capacity of 
IONP@mC slowly stabilized to around 580 mA g-1, with the charge capacity at 20th 
cycle being 576.5 mAh g-1. Meanwhile, the coulombic efficiency rose from 58.6% at 
the first cycle to above 98% at last several cycles, indicating stabilization of SEI. The 
cell was then subjected to higher current densities of 1000, 1500, and 2000 mAg-1. As 
shown in Figure 6-12C, IONP@mC-600 showed excellent cyclic stability and 
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delivered 517.2, 497.5, and 487.9 mAh g-1 at the 20th cycles of 1000, 1500, and 2000 
mA g-1, respectively. More importantly, the coulombic efficiencies at these stages 
were very close to 100%, indicating the facile transportation of lithium ion and 
electron, provided by the interlaced carbon framework and mesopores. After the 
current density being reduced to 500 mA g-1, the reversible capacity restored to above 
630 mAh g-1, and slowly increased to 697.4 mAh g-1 at the overall 130th cycle, 
demonstrating its excellent cell stability. For comparison, cells fabricated from 
IONP@mC-450, mC-600, and mC-450 were also tested under the same condition. As 
shown in Figure 6-12C, IONP@mC-450 (red diamond) showed similar cyclic 
behavior as that of IONP@mC-600 with a quite stable cyclic performance. With a 
higher content of oxygen-containing groups due to the lower carbonization 
temperature, the first discharge capacity of IONP@mC-450 was slightly higher than 
that of IONP@mC-600, caused by the reaction between lithium and 
oxygen-containing functional groups. After stabilization, IONP@mC-450 showed 
lower reversible capacities as compared to those of IONP@mC-600. 
To further demonstrate its advantage for high rate LIB application, the rate 
performance of IONP@mC-600 was further tested under higher current densities 
from 3000 to 10000 mA g-1. As shown in figure 6-12D, the capacities of 
IONP@mC-600 (blue spheres) under all current densities were quite stable, showing 
superior rate capability. Specifically, the last reversible capacities of IONP@mC-600 
were 447.1, 398.9, 365.8, 342.0, 318.9, 302.8, 287.2, and 271.1 mAh g-1 at the 20th 
cycles of 3000, 4000, 5000, 6000, 7000, 8000, 9000, and 10000 mA g-1, respectively. 
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Few works have reported the battery performances of iron oxide-based anodes under 
the current density of 10000 mA g-1. Behera has synthesized Fe3O4-graphene by an 
ultrasonic assisted co-precipitation technique with a reversible capacity of 180 mAh 
g-1 at 10000 mA g-1.[142] Zhang and co-workers also reported the post-pyrolysis 
RGO-Fe3O4 nanocomposite having a reversible capacity of 192 mAh g-1 under the 
current density of 9260 mA g-1.[145] At the current density of 10000 mA g-1, the 
capacity of IONP@mC-600 is at least 40% higher than these two reported values, 
indicating its superior performance under high current densities.  
Furthermore, IONP@mC-450 (red diamond) was also tested under the same rate 
capability test ranging from 3000 to 10000 mA g-1, with a reversible capacity of 158.9 
mAh g-1 at the last cycle under 10000 mA g-1. Without the embedment of Fe3O4 
nanoparticles, the first reversible capacity for mC-600 and mC-450 (pristine 
mesoporous carbon spheres calcinated at 450oC) were 492 and 319 mAh g-1 under the 
current density of 500 mA g-1, respectively. As the current density increased, the 
reversible capacities of mC-600 and mC-450 were still much worse comparing with 
their counterparts with the incorporation of Fe3O4 nanoparticles, namely 
IONP@mC-600 and IONP@mC-450, indicating the crucial contribution of Fe3O4 
content in the overall capacities even under high current densities (3000 to 10000 mA 
g-1). Specifically, under the current density of 10000 mA g-1, with the incorporation of 
Fe3O4 nanoparticles, the reversible capacities of IONP@mC-600 was 271 mAh g-1, 
which was 103 mAh g-1 higher than that of mC-600. Taking the individual capacities 
of IONP and carbon to be 922 and 492 mAh g-1, based on TGA results (Figure 6-9), 
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the theoretical capacity of IONP@mC-600 is 662 mAh g-1. Such value is consistent 
with the stabilized reversible capacities obtained during cycle 80 to130 at the current 
density of 500 mA g-1. However, this theoretical value is lower than the first 
reversible capacity of IONP@mC-600 (712 mAh g-1) and those of several subsequent 
cycles. The extra capacities observed can be attributed to the reversible formation and 
dissolution SEI components, including various inorganic and organic compounds. 
Besides, metal nanoparticles (Fe) formed during discharge have been reported to 
perform as efficient catalysts to promote such reversible process, improving the 
overall capacities.[169, 170] Such phenomenon of SEI components providing extra 
capacities has been well documented in literature.[171-173] 
The superior cyclic stability of IONP@mC-600 anode material was further 
demonstrated by testing the same cell under 2000 mA g-1 for 500 cycles. As shown in 
Figure 6-12E, after being cycled at various high current densities up to 10000 mA g-1, 
the reversible capacity of IONP@mC-600 restored to 510 mAh g-1 at the first cycle, 
which was already higher than the previous capacity obtained under the same rate 
(Figure 6-12C). Subsequently, the reversible capacity quickly increased to above 530 
mAh g-1 after 6 cycles and stabilized around 560 mAh g-1 during the subsequent 
cycles. At the 500th cycle under the current density of 2000 mA g-1, which is also the 
overall 790th cycle, such anode fabricated from IONP@mC-600 was able to deliver a 
reversible capacity of 547.8 mAh g-1. The anode of IONP@mC-450 was also further 
cycled at 2000 mA g-1 for 500 cycles, showing inferior performance with a reversible 
capacity of 332.5 mAh g-1 at the last cycle. 
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6.7.2 COMPARISON WITH OTHER REPORTED FE3O4/G ANODES 
Graphene is usually chosen as the supplementary component when combining 
with metal oxides for high rate LIB application.[142, 174, 176, 177] Figure 6-13 showed the 
comparison between of the high rate performances between IONP@mC-600 in this 
chapter and reported Fe3O4/graphene composites at current densities above 1000 mA 
g-1. Compared with others, IONP@mC-600 showed a more stable high rate 
performance with the minimum decrease in capacity as current density increases. 
Besides, the reversible capacities of IONP@mC were higher than those of reported 
Fe3O4/graphene composites when the current density was above 5000 mA g-1.  
 
Figure 6-13: Comparison of the battery performances between IONP@mC and 
reported Fe3O4/graphene composites at current densities above 1000 mA g-1.[83, 131, 142, 
145, 146, 174, 175] 
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6.7.3 MORPHOLOGICAL EFFECT ON THE BATTERY PERFORMANCES OF IONP@MC 
The morphological design of IONP@mC in this chapter played a crucial role in 
its satisfactory high rate performances. Desirable structure features, such as 
mesoporous carbon, ultrasmall size of Fe3O4, and finely embedment of Fe3O4 within 
the carbon matrix, are beneficial for the battery performance under high current 
density. Specifically, either electron pathway or lithium ion pathway can be the 
limiting factor for the high rate performance of an electrode material. For the 
IONP@mC in this chapter, the mesoporous carbon frameworks provide high speed 
electron transportation channels; while the mesopores provided by such carbon 
structure are easily penetrated by the lithium ion carrying electrolyte, providing high 
speed channel for lithium ion transportation. In this way, both high speed electron and 
lithium ion pathways are provided. More importantly, the electrochemically active 
Fe3O4 nanoparticles possess very small sizes, with an average size of 5.4 nm. Such 
small dimensions provide very short lithium ion diffusion lengths (L) within these 
particles, thus significantly reducing the characteristic time constant t for the lithium 
ion diffusion process, which is proportional to L2 ((t = L2/D, where D is the diffusion 
constant). Therefore, due to the small sizes of Fe3O4 particles, the rate of lithium ions 
insertion/removal is significantly enhanced, which is crucial to the satisfactory high 
rate performance of IONP@mC electrodes. 
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6.7.4 EFFECT OF IONP PERCENTAGE ON ELECTROCHEMICAL PERFORMANCES OF 
IONP@MC 
IONP@mC-600 with a higher Fe3O4 content (~65.5%) was also synthesized 
through the same procedure by adding more IONP during polymeric composite 
formation. However, as shown in Figure 6-14A and B, the desired morphologies 
presented in Figure 6-3A to Figure 6-3C (Fe3O4 nanoparticles embedded in spherical 
polymeric nanobeads) were lost when a higher amount of Fe3O4 nanopartices were 
used in the synthesis.  
 
Figure 6-14: TEM images of (A, B) IONP@PC and (C, D) IONP@mC-600 with 
higher Fe3O4 percentage. 
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After calcination, without enough surface protection from carbon framework, the 
Fe3O4 particles grew into much bigger sizes (Figure 6-14C and D), which are 
undesirable for high rate battery applications.  
As shown in Figure 6-15A, under comparatively low current densities, 
IONP@mC-600 with higher IONP content delivered higher reversible capacities due 
to its higher Fe3O4 content. However, as the current density increased beyond 3000 
mA g-1, due to the large Fe3O4 nanoparticle size, IONP@mC-600 with higher IONP 
content showed much worse electrochemical performance (Figure 6-14B). 
 
Figure 6-15: Electrochemical performances of of IONP@mC-600 (blue sphere) and 
IONP@mC-600 with higher Fe3O4 percentage (orange triangle) (A) from 500 to 2000 
mA g-1, and (B) from 3000 to 10000 mA g-1. 
6.7.5 EFFECT OF CARBONIZATION TEMPERATURE ON THE ELECTROCHEMICAL 
PERFORMANCES OF IONP@MC 
Higher calcination temperatures, 750oC and 900oC,  were also performed on the 
as-synthesized IONP@PC to obtain IONP@mC-750 and IONP@mC-900, 
respectively. As indicated by their C1s peaks shown in Figure 6-16A and B, more 
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complete carbonizations were achieved under higher calcination temperatures. 
However, as shown in Figure 6-16 C and D, the Fe3O4 nanoparticles sizes of these 
two samples increased significantly. Besides, the spherical structure and ordered 
mesoporous carbon framework were lost under such high carbonization temperatures. 
The significant growth the Fe3O4 particle size can have detrimental effect on the 
electrochemical performance of IONP@mC, especially under high current densities.  
 
Figure 6-16: High resolutin XPS spectra of C1s from (A) IONP@mC-750 and (B) 
IONP@mC-900. TEM image of (C) IONP@mC-750 and (D) IONP@mC-900. 
As shown in Figure 6-17, under exact same test condition as IONP@mC-450, 
IONP@mC-750 and IONP@mC-900 showed much inferior performances.  
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Specifically, the reversible capacities of IONP@mC-750 and IONP@mC-900 were 
94 and 59 mAh g-1 at the current density of 10000 mA g-1, respectively. These values 
are much lower than the reversible capacity of IONP@mC-600 (271 mAh g-1) at the 
same current density.  
 
Figure 6-17: Electrochemical performances of IONP@mC-600 (blue sphere), 
IONP@mC-450 (red diamond), IONP@mC-750 (purple triangle), and 
IONP@mC-900 (yellow square) (A) from 500 to 2000 mA g-1, and (B) from 3000 to 
10000 mA g-1. 
 
Figure 6-18: SAED patterns of IONP@mC calcinated at (A) 750 oC and (B) 900 oC. 
Furthermore, under high calcinations temperatures (750oC and 900oC), the 
surface of Fe3O4 nanoparticles can be partially reduced to Fe.[166] Under the 
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examination of SAED of USIO@mC-750 and 900 shown in Figure 6-18, (200) 
diffraction dots from Fe (JCPDS 89-4185) were observed. The formation of Fe can 
further reduce the reversible capacity of the composites.   
6.7.6 MORPHOLOGICAL CHARACTERIZATIONS OF IONP@MC AFTER 
ELECTROCHEMICAL TESTS 
The morphologies of IONP@mC-600 beads after 790 charge/discharge cycles 
with current density up to 10000 mA g-1 are shown in Figure 6-19. 
 
Figure 6-19: (A, B) SEM and (C, D) TEM images of IONP@mC-600 beads after 790 




Figure 6-19A and B show the SEM images of cycled IONP@mC-600 beads 
under two different magnifications. As shown, the cycled IONP@mC-600 beads still 
possessed spherical shapes, showing their good structure integrities. TEM images 
were used to exam the state of the embedded Fe3O4 nanoparticles. Figure 6-19C 
shows the typical morphology of a cycle IONP@mC-600 bead. The dark dots 
represent the Fe3O4 nanoparticles. Under a closer examination (Figure 6-19D), 
although each dark dot seems to be around 10 nm (larger than their sizes before cycle), 
each dot actually is consisted of several smaller particles, demonstrating the Fe3O4 
particles still possess very small sizes after such a harsh cycling process.  
The prepared electrode consisting of active material (IONP@mC-600), carbon 
black (Super P) and polyvinylidene fluoride (PVDF) was examined by XRD (Figure 
6-20). As shown in Figure 6-20A, several main peaks of cubic Fe3O4 (JCPDS 
65-3107) were observed. However, after 1 cycle of charge/discharge, these peaks 
became very weak and were very difficult to be observed. The possible reason for this 
is that the Fe3O4 crystal structure might be damaged in the charge/discharge process 
due to the volume expansion . Such phenomenon is also well documented in 
literature.[34] Figure 6-20B shows the XRD pattern of IONP@mC-600 after 790 
cycles up to the current density of 10000 mA g-1. As expected, the peaks from Fe3O4 
cannot be observed. All peaks shown in Figure 6-20B can be ascribed to Li2CO3 and 




Figure 6-20: (A) Comparison of XRD patterns of IONP@mC-600 electrodes (on Cu 
foil) before and after 1 cycle of charge/discharge. (B) X-ray diffraction pattern of 
IONP@mC-600 beads after 790 cycles of charge/discharge with the current densities 
ranged from 500 to 10000 mA g-1. 
6.8 REMARKS 
Nano-sized electrochemically active Fe3O4 (~ 5 nm) embedded in mesoporous 
carbon beads composite beads (IONP@mC) were fabricated by a carefully designed 
synthetic route. The obtained composites possess desired structure for high rate 
battery applications: (1) The volume expansion/contraction of Fe3O4 was buffered by 
surrounding mesopores and carbon matrix; (2) the ultrasmall size of Fe3O4 also 
partially buffer its volume change and hugely reduce the lithium ion transportation 
path; (3) the 3-dimensional interlaced mesopores and carbon frameworks provide 
excellent routes for lithium ion and electron, respectively; (4) the mesoporous carbon 
beads provide the robustness which is crucial to prevent the structural failure of the 
anode. Therefore, the obtained IONP@mC composites delivered stable capacities 
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under various high current densities. Even compared with Fe3O4-based composites 
with graphene incorporated, IONP@mC shows much more stable capacity as current 
density increases. Besides, the capacities of INOP@mC-600 are higher than those of 
Fe3O4/graphene composites under current densities (above 5000 mA g-1). Specifically, 
a reversible capacity of 271.1 mAh g-1 was reached by IONP@mC-600 even at the 
current density of 10000 mA g-1, demonstrating its great potential of being utilized as 
the anode material in high rate battery application. 
The next chapter will combine the ultra-small Fe3O4 nanoparticles in this chapter 
and the rGO in Chapter 3 with the aim to reach an overall well balanced 





CHAPTER 7: ULTRA-SMALL FE3O4 
NANOPARTICLES-DECORATED GRAPHENES WITH 
SUPERIOR CYCLIC PERFORMANCE AND RATE 
CAPABILITY 
7.1 MOTIVATION AND DESIGN OF EXPERIMENT 
To meet the requirements of emerging technologies in the fields of electric 
vehicles, mobile devices, and other portable electronic devices, next generation of 
lithium ion batteries (LIBs) should have great improvements in terms of energy 
density, power density and cyclic stability.[5] This goal greatly depends on anode 
materials, which directly determine the overall performance of a LIB.  
Reaction-based anode materials, including lithium alloying metals and transition 
metal oxides such as Sn,[71] Si,[178] SnO2,[61] Co3O4,[147] Mn3O4,[53] and Fe3O4[34, 56] 
have been demonstrated to have much higher theoretical capacities than traditional 
anode, graphite, through various chemical reactions with lithium. However, large 
volume expansion/contraction occurs for this category of materials upon lithium 
uptaking/releasing, resulting in the structural disintegration and fast capacity fading. 
Although various methods, such as carbon coating[34, 179] and special morphology 
designs,[53] have been proposed to mitigate the capacity fading, there were limited 
improvements in terms of rate capability for this category of materials due to the 
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relatively slow chemical reactions involved, which are mainly limited by the slow 
lithium diffusion within particles.[163]  
On the other hand, graphene, a 2-dimensional nanostructure of carbon atoms 
arranged in honeycomb lattice, has attracted intensive attention recently, owing to its 
high surface to volume ratio, excellent electronic conductivity, mechanical flexibility, 
and chemical stability.[155, 180, 181] As an anode material for LIBs, graphene has been 
reported to have a higher reversible capacity than that of the traditional anode material 
graphite, which has a theoretical reversible capacity of 372 mAh g-1.[150] Besides, due 
to its easily accessible lithium storage sites and high electronic conductivity, graphene 
has been reported to be able to achieve satisfactory electrochemical performance 
under high current densities.[154, 177, 180] Mukherjee et al. reported photothermally 
reduced graphene with a reversible capacity of 156 mA h-1 at a charge/discharge rate 
of 14880 mA g-1 over 1000 cycles,[96] showing excellent rate capability and cyclic 
stability of graphene. However, the reported reversible capacity could only achieve 
545 mAh g-1 at 372 mA g-1, which was considerably lower than those of the 
reaction-based anode materials.  
Efforts have been put in combing reaction-based anode materials and graphene 
for a better overall electrochemical performance.[58] At low current densities, the 
resultant composites have been reported to reach high reversible capacity and stable 
cyclic performance as results of the presence of metal oxides and graphene, 
respectively.[83, 131, 175] However, the cyclic stabilities under high charge/discharge rate 
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(> 1000 mA g-1) were usually not satisfactory, which were mainly caused by the slow 
chemical reactions between the reaction-based anodes and lithium. 
In this chapter, in order to achieve satisfactory performances in all three aspects 
of energy density, power density and cyclic stability, graphene nanosheets (G) 
decorated with ultra-small Fe3O4 (USIO) particles were synthesized via a facile 
hydrothermal process. Besides improving the overall capacity, these ultra-small Fe3O4 
particles, with an average size less than 5 nm, provided very short lithium ion 
diffusion length L within these electrochemically active particles, thus significantly 
reducing the characteristic time constant t for ion diffusion.[182] In this way, the 
reaction period for the involved conversion reaction between Fe3O4 and lithium was 
greatly reduced, making it possible for such anode material to achieve excellent rate 
capability.[163, 183] Before being tested as an anode material for LIB, the obtained 
composite underwent a further annealing process in Ar atmosphere for a better 
electronic conductivity by removing excess oxygen-containing functional groups on 
graphene surface and faster lithium ion transportation within Fe3O4 particles by 
enhancing their crystallinity. Furthermore, graphene sheets provided a conductive 
support for Fe3O4 nanoparticle anchoring, thus effectively preventing the aggregation 
of the nanoparticles during charge/discharge process. Besides, the volume expansion 
problem was largely mitigated by the ultra-small size of Fe3O4 particles and flexible 




7.2 SYNTHESIS OF ULTRA-SMALL FE3O4 NANOPARTICLES DECORATED 
GRAPHENES (USIO/G) 
7.2.1 PREPARATION OF GO 
GO was prepared by a modified Hummers method, which has been describe in 
previous Section 5.2.1.  
7.2.2 SYNTHESIS OF ULTRA-SMALL FE3O4 NANOPARTICLES DECORATED GRAPHENES 
(USIO/G) 
0.8109 g of FeCl3·H2Owas firstly dispersed in 20 mL of de-ionized water. After 
10 min mixing with the aid of magnetic stirring, another 10 mL of de-ionized water 
with appropriate amount of well dispersed GO was added into the light yellow 
solution. After another 10 min of stirring, 0.756 g of NaHCO3 was slowly added to the 
dark brown solution, which was allowed for further stirring of 1 hour. Subsequently, 
10 mL of L-ascorbic acid (vitamin C) aqueous solution was added and the mixture 
turned into black color. The solution was further stirred for 20 min before transferred 
to a 125 mL Teflon-lined autoclave and heat-treated in an air-flow electric oven for 6 
hours at 150 ˚C. The product was collected by centrifuge (10 min at 10000 rpm), 
washed with water and ethanol for 3 times, and freeze-dried for 3 days. Before 
electrochemical testing, the composite was treated in a tube furnace at 400 oC for 30 
min to enhance the particle crystallinity and reduce the oxygen content.  
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7.2.3 ELECTROCHEMICAL MEASUREMENTS FOR USIO/G 
For electrochemical cycling test, a CR2016 coin-type cell was prepared using an 
as-prepared electrode as an anode, pure Li foil as a counter electrode, one piece of 
separator (Celgard 2500) and several drops of electrolyte (1M LiPF6 in EC: DEC: 
DMC = 1:1:1 organic solutions). The assembling process was applied in argon-filled 
glovebox. All the tests were performed in a voltage window of 0.05 – 3.0 V vs. 
Li0/Li+ at room temperature. Various current densities were applied. To prepare the 
working electrode, slurry was firstly made by mixing active material, carbon black 
(Super P) and polyvinylidene fluoride (PVDF) in the weight ratio of 70:15:15 together 
with n-methyl-2-pyrrolidone (NMP). Then the slurry was pasted onto a copper foil 
followed by drying it in a vacuum oven at 120 oC for 12h. 
7.3 SYNTHESIS SCHEME 
Graphene oxide (GO) sheets were obtained via a modified Hummers method, 
after which GO surface was heavily decorated with oxygen-containing groups, such 
as hydroxyl, epoxy, and carboxyl groups. The decoration of ultra-small Fe3O4 particle 
on GO was done using a hydrothermal process in which GO, FeCl3·6H2O, L-ascorbic 
acid, and NaHCO3 were dispersed/dissolved in water with a certain ratio (see 
experimental section for synthesis details). Part of Fe3+ ions were reduced to Fe2+ by 
L-ascorbic acid, which was oxidized to dehydroascorbic acid (DHAA) in the 
process.[162] Both Fe3+ and Fe2+ ions were attracted to the vicinity of GO nanosheets 
due to the electrostatic force. After the subsequent hydrothermal process, 
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DHAA-stabilized ultra-small Fe3O4 particles were formed and tightly bound to GO 
surface via the condensation between the hydroxyl groups on DHAA and 
oxygen-containing groups on GO surfaces. Furthermore, the homogeneous 
distribution of oxygen-containing groups on GO surface would lead to a uniform 
condensation of Fe3O4 nanoparticles. GO was partially reduced after the hydrothermal 
process,[95] and the obtained ultra-small iron oxide/graphene composite was denoted 
as USIO/G. The schematic illustration of such synthesis process is shown in Figure 
7-1. 
 
Figure 7-1: Schematic illustration of the formation process of USIO/G. 
7.4 CHARACTERIZATION OF USIO/G 
The morphology of the obtained USIO/G composite was examined by the 
transmission electron microscopy (TEM) under different magnifications and the 




Figure 7-2: (A-D) TEM images of the as-obtained ultra-small iron oxide/graphene 
(USIO/G) composites before annealing. Inset of C: SAED pattern of USIO/G. Inset of 
D: high resolution TEM image of selected area in D. (E) TEM image, (inset of A) 
HRTEM image, and (F) SAED pattern of annealed USIO/G composites. 
Figure 7-2A shows a TEM image of the obtained USIO/G with a low 
magnification. No distinguishable Fe3O4 particles were observed and the morphology 
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of the composite was very similar to that of pristine GO, indicating that the size of 
Fe3O4 particles was extremely small. Even with a slightly higher magnification as 
shown in Figure 7-2B, the outline of each particle still could not be clearly examined. 
However, the dark clouded pattern observed from Figure 7-2B indicated the existence 
of the uniformly attached nanoparticles.  
 
Figure 7-3: (A) SEM image of USIO/G and the corresponding EDS mapping in the 
same area with relative intensities of (B) carbon, (C) iron, and (D) oxygen. 
The uniform distribution of Fe3O4 was further confirmed by energy-dispersive 
spectroscopy (EDS) elemental mapping. Figure 7-3 shows the scanning electron 
microscopy (SEM) image of the composite on a silicon substrate (Figure 7-3A) and 
EDS mapping images made from K-line energy densities of C (Figure 7-3B), Fe 
(Figure 7-3C), and O (Figure 7-3D) from the same area. As concluded from the EDS 
mapping, all three elements were uniformly distributed without any obvious 
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agglomeration throughout the examined area. Such uniform distribution of Fe3O4 
particles was beneficial for a good utilization of the electrical conductivity of 
graphene, facile access for Fe3O4 particles to electrolyte, and mitigation of volume 
expansion of Fe3O4.  
The uniformly attached Fe3O4 particles could be further confirmed under TEM 
with the higher magnification as shown in Figure 7-2C. The inset shows the selected 
area electron diffraction (SAED) pattern of the composite, suggesting that the 
crystallization degree was not high for such hydrothermally obtained particles.  
Under a much higher magnification as shown in Figure 7-2D, the size of 
individual Fe3O4 particles could be measured, with an average size of 4.3 + 0.7 nm 
(the size distribution graph is shown in Figure 7-4A). The high resolution TEM image 
in the inset confirmed that each particle consisted of a single crystal domain. The 
measured distance between two adjacent lattice fringes was around 0.253 nm, 
corresponding to (311) planes of cubic magnetite structure (JCPDS 65-3107). In order 
to provide a better lithium pathway within Fe3O4 particles so as to achieve satisfactory 
performance under high current densities, the hydrothermally-obtained USIO/G 
underwent an annealing process in Ar atmosphere. As shown in Figure 7-2E, after the 
annealing process, clearer lattice fringes of Fe3O4 particles were observed, indicating 
an enhanced crystallinity of Fe3O4 particles. Besides, the average size of Fe3O4 
particles was slightly increased to 4.6 + 0.8 nm (size distribution graph shown in 
Figure 7-4B). The high resolution TEM image of a Fe3O4 particle after annealing was 
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presented in the inset of Figure 7-2E, in which the interplanar distance was measured 
to be 0.297 nm, corresponding to the (220) crystal plane of the cubic magnetite 
structure. Figure 7-2F shows the SAED pattern of the annealed USIO/G composite. 
Compared to the SAED pattern of USIO/G prior to annealing (inset of Figure 7-2C), 
the diffraction rings were much clearer, also suggesting an enhanced crystallinity of 
the Fe3O4 particles after the annealing process. Each distinct diffraction ring was 
indexed to respective crystal planes for magnetite structure (JCPDS 65-3107).  
 
Figure 7-4: Size distribution of Fe3O4 particles (A) before and (B) after annealing. 
 
Figure 7-5: Thermogravimetric curve of the annealed USIO/G composite.  
Thermogravimetric analysis (Figure 7-5) was carried out on the annealed 
USIO/G composite to determine its Fe3O4 percentage. By considering the water 
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content removed under 100 oC and weight gain during the oxidation from Fe3O4 to 
Fe2O3, the Fe3O4 percentage of annealed USIO/G was calculated to be 82.2 wt%.  
The X-ray diffraction (XRD) pattern of the annealed USIO/G composite is 
shown in Figure 7-6. The low and broadened diffraction peak observed in the range of 
20.5 to 27.5o was originated from graphene network. All other diffraction peaks could 
be assigned to cubic magnetite structure (JCPDS 65-3107). The broadened peaks 
indicated the small size of Fe3O4 particles. By applying Scherrer’s equation to the 
obtained XRD peaks, the average crystallite size of the annealed Fe3O4 particles was 
estimated to be 4.9 nm, which was consistent with the size measured in TEM images. 
 
Figure 7-6: XRD pattern of the annealed USIO/G composites. 
7.5 CHEMICAL ANALYSIS 
The high-resolution C1s spectrum of USIO/G before annealing is shown in 
Figure 7-7A. The spectrum could be further deconvoluted into four peaks of sp2 
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bonded carbon (C-C) at 284.6 eV, epoxy/hydroxyls (C-O) at 286.2 eV, carbonyls 
(C=O) at 288.0 eV, and carboxy1s (O-C=O) at 288.7 eV, with relative carbon content 
of 37.9 %, 38.3 %, 1.8 %, and 22.0 %, respectively. In comparison, the XPS spectrum 
of C1s from the annealed USIO/G is shown in Figure 7-7B, showing a majority 
percentage of sp2 bonded carbon of 72.9%, which was comparable to the reduction 
degrees of rGO in literature.[95, 184] Specifically, carbonyls (C=O) were almost 
vanished, and epoxy/hydroxyls and carboxyls peaks had relatively low carbon 
percentage of 13.1 % and 14.0 %, respectively. The great improvement of C-C bond 
percentage indicated the removal of most of the oxygen-containing functional groups 
during the annealing treatment, which was desirable to restore the conductivity of 
graphene, and beneficial to the performance under high current densities.  
The high resolution XPS spectrum of C1s from GO is shown in Figure 7-8 as a 
reference. XPS spectrum of Fe2p obtained from USIO/G is shown in Figure 7-9.  
 





Figure 7-8: High resolution XPS spectrum of C1s from GO. 
 
Figure 7-9: XPS spectrum of Fe2p obtained from USIO/G. 
7.6 POROSITY CHARACTERIZATION OF USIO/G 
The porous structure characteristics and Brunauer-Emmett-Teller (BET) surface 
areas of the USIO/G composites before and after annealing process were investigated 
by nitrogen isothermal adsorption, respectively. As shown in Figure 7-10A, the 
Langmuir surface area of USIO/G before annealing was 367.8 m2 g-1, which was 
much higher than that of the commercial Fe3O4 (~2 m2 g-1). After annealing treatment 
in Ar atmosphere, the Langmuir surface area of USIO/G was increased to 553.8 m2 
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g-1(Figure 7-10B). Such increment was mainly contributed to the reduction of total 
mass of the composite by removing the oxygen-containing functional group during 
the annealing treatment. The porous structure of the annealed USIO/G was able to 
accommodate the strains induced by volume change of Fe3O4 during the 
charge/discharge process, thus retained the structure integrity of the electrode. Besides, 
these interconnected pores facilitated the electrolyte penetration into the annealed 
USIO/G electrode material, which was also beneficial to the resultant electrochemical 
performance. 
 
Figure 7-10: Nitrogen adsorption and desorption isotherms of USIO/G (A) before and 
(B) after annealing. 
7.7 ELECTROCHEMICAL PERFORMANCES OF USIO/G 
The electrochemical performances of the annealed USIO/G were investigated as 
anodes for LIBs in a CR2016 coin-type cell with Li metal as counter electrode (see 
experiment section for experimental details). The cell was firstly cycled at 90 mA g-1 
for 4 cycles, with the charge-discharge profiles shown in Figure 7-11A. In the first 
discharge curve, an obvious voltage plateau at around 0.8 V versus Li+/Li0 was 
observed, reflecting the reduction of Fe3+ to Fe0. A sloping plateau around 1.8 V at the 
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charge curve represented the reverse reaction.[165] In the first cycle, the discharge and 
charge capacities were 1813 and 1177 mAh g-1, respectively, with a first cycle 
irreversible capacity loss of 35.1%, which was comparable to those 
graphene-contained electrodes reported in literature.[147] Such irreversible capacity 
loss could be attributed to the formation of Solid Electrolyte Interface (SEI), 
electrolyte decomposition, and reaction of lithium ion with oxygen-containing 
functional groups on graphene surfaces. Coulombic efficiency rose quickly to over 95% 






Figure 7-11. Charge-discharge profiles of the annealed USIO/G composite: (A) first 
four cycles at a current density of 90 mA g-1, and (B) first cycles at various current 
densities. (C) Rate capability test and (D) subsequent cyclic test of the annealed 
USIO/G anode.  
The electrochemical reaction between lithium and Fe3O4 could be described by 
the conversion reaction: Fe3O4 + 8e- + 8Li+ <-> Fe0 + 4Li2O, during which Fe3O4 
could uptake/release 8 Li+, corresponding to a theoretical capacity of 922 mAh g-1. 
The graphene content in our anode was believed to play a major role in the excess 
capacity by accommodating lithium on both sides of its nanosheet structure. At the 
second cycle, the charge capacity was decreased slightly about 2.9% to 1143 mAh g-1, 
but maintained nearly unchanged to the 4th cycle.  
136 
 
The same cell was subjected to further electrochemical test between 3.0 and 0.05 
V under different rates of 180, 900, 1800, 3600, and 7200 mA g-1 with a total cycle 
number of 916 (4, 147, 284, 281, and 200 cycles under each rate respectively). The 
rate capability test is shown in Figure 7-11C. The first reversible capacities were 1096, 
960, 649, 361, and 186 mAh g-1 for 180, 900, 1800, 3600, and 7200 mA g-1, 
respectively. The charge-discharge profiles of the first cycles at each rate are shown in 
Figure 7-11B. Under the current density of 180 mA g-1, the reversible capacity was 
very stable and increased from 1096 to 1097 after 4 cycles. From the 9th cycle, the 
current density was increased to 900 mA g-1. After the initial relatively fast decay 
from 960 to 901 mAh g-1 for 15 cycles, the reversible capacity was stabilized and 
reduced to 833 mAh g-1 after the subsequent 133 cycles. The current density was then 
increased to 1800 mA g-1 for 284 cycles, and the reversible capacity was slowly 
decreased to 488 mAh g-1. With the current density increased to 3600 mA g-1, the 
reversible capacity underwent a relatively fast drop in the first 15 cycles for 72 mAh 
g-1. During the following 266 cycles at the same current density, the reversible 
capacity was only dropped for 47 mAh g-1 in total, to 242 mAh g-1 at the 720th cycle. 
When the current density was doubled to 7200 mA g-1, the reversible capacity was 
quite stable and delivered 146 mAh g-1 after 200 cycles.  
To demonstrate the superior cycling stability of the anode material, the same cell 
was subjected to further electrochemical test at 1800 mA g-1 for 1200 cycles (Figure 
7-11D). After being cycled at aggressive current densities up to 7200 mA g-1 for 920 
cycles, the reversible capacity was restored to 461 mAh g-1 at the 1st cycle of 1800 
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mA g-1 (the 921th cycle in total), and increased to 472 mAh g-1 at the second cycle 
(charge/discharge profiles shown in Figure 7-12), which was comparable to the last 
reversible capacity at 1800 mA g-1 during the previous charge-discharge process 
(cycle no. 156 to 439).  
 
Figure 7-12: Charge-discharge profiles of the annealed USIO/G composites at first 
two cycles after current density restored to 1800 mA g-1 (corresponding to total cycle 
numbers of 921st and 922nd).  
In the subsequent charge/discharge cycles, the reversible capacity was stabilized 
around 440 mAh g-1, and delivered a reversible capacity of 437 mAh g-1 at 1200th 
cycle under 1800 mA g-1, demonstrating the extreme cyclic stability of the annealed 
USIO/G anode material after an unprecedented long electrochemical test (2120 
cycles).  
In literature, some groups have reported high reversible capacity of the 
composites between Fe3O4 and graphene under high current density (> 1000 mA g-1). 
Lian et al. prepared Fe3O4-graphene composites via a gas/liquid interfacial reaction 
that delivered 410 mAh g-1 under 1000 mA g-1.[146] Zhou et al. deposited FeOOH 
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particles on graphene followed by reducing them to Fe3O4. The obtained material 
achieved a capacity of 520 mAh g-1under a current density of 1750 mA g-1.[131] Chen 
et al. prepared 3D graphene/ Fe3O4 aerogel, and tested as anode up to 1600 mA g-1 
with a reversible capacity of 730 mAh g-1.[83] However, these aforementioned anode 
materials had only been tested for relatively small number of cycles. Behera reported 
one of the longest cycling (800 cycles) test for Fe3O4 material, with a reversible 
capacity of 180 mAh g-1 at the maximum current density of 10000 mA g-1.[142]  
For the USIO/G composite reported in this chapter, with current densities ranged 
from 90 to 7200 mAh g-1, a total number of 2120 cycles (the longest cycle number 
reported in literature for Fe3O4-based anode material to the best of authors’ 
knowledge) has been tested, and delivered higher or comparable capacities compared 
to the reported values for Fe3O4-based anodes under similar current densities, 
demonstrating an unprecedented level of cyclic stability and extraordinary rate 
capability.  
The ultra-small Fe3O4 particles were crucial in such satisfactory performance, 
especially under high current densities. In our previous work, composites of large 
Fe3O4 beads (~500 nm) and rGO were synthesized and superior cyclic performance at 
low current density was demonstrated. For instance, a reversible capacity of 1039 
mAh g-1 under 100 mA g-1 was delivered, which was comparable to the performance 
of the annealed USIO/G under similar current density (delivering a reversible capacity 
of 1143 mAh g-1 under 90 mA g-1).[175] However, due to the difference in size of the 
139 
 
active Fe3O4 particles, the composites of Fe3O4 beads and rGO was much worse in 
terms of the reversible capacity under higher current densities as compared to the 
annealed USIO/G. Specifically, the composites of Fe3O4 beads and rGO were able to 
deliver capacities of 396, 246 and 193 mAh g-1 after 20 cycles at 1000, 1500 and 2000 
mA g-1, respectively; while the annealed USIO/G electrode delivered reversible 
capacities of 833, 488, and 242 mAh g-1 after being cycled 147 cycles at 900 mA g-1, 
284 cycles at 1800 mA g-1, and 281 cycles at 3600 mA g-1, respectively. Graphene 
content in the USIO/G composites also played a significant role in such superior 
anode performance by accommodating active Fe3O4 particles, creating a porous 
structure, enhancing the electrical conductivity and structural integrity of the electrode, 
and providing extra Li storage sites.  
As a comparison, two electrodes consisting of only USIO as active material were 
fabricated and cycled at different current densities, as shown in Figure 7-13. Under 
the current density of 100 mA g-1, the first reversible capacity of pure USIO electrode 
reached 925 mAh g-1, but was quickly decayed to 195 mAh g-1 at the 10th cycle and 
delivered 135 mAh g-1 at the 100th cycle. Another USIO cell was firstly activated for 
3 cycles each at 50 and 100 mA g-1, respectively, and tested at 500 mA g-1 for the rest 
94 cycles. Such cell was only able to deliver a reversible capacity of 107 and 49 mAh 
g-1 at the first and last cycle under 500 mA g-1.Such inferior performances could be 




Figure 7-13: Cycling performance of pure ultra-small iron oxide (USIO) under 
different current densities. Red circle: 100 cycle under current density of 100 mA g-1. 
Blue diamond: first 3 cycles at 50 mA g-1, subsequent 3 cycles at 100 mA g-1, 
followed by 94 cycles at 500 mA g-1.  
7.8 REMARKS 
In conclusion, graphene nanosheets decorated with ultra-small Fe3O4 particles 
were successfully synthesized via a facile hydrothermal method. The electrochemical 
performances of the composites were examined. The cell has been tested for 2120 
charge/discharge cycles, and was able to deliver high and stable reversible capacities 
under current densities ranged from 90 to 7200 mA g-1 throughout the electrochemical 
test. Such superior cyclic stability and rate capability were attributed to the carefully 
designed and synthesized composite with well-crystallized ultra-small Fe3O4 particles 





CHAPTER 8: CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE WORKS 
8.1 PROJECT CONCLUSIONS 
In this thesis, owing to their high theoretical capacities, ease in fabrications, 
natural abundances, and nontoxicities, two particular metal oxides, namely SnO2 and 
Fe3O4, are chosen as the major components for LIB anode materials. The objective of 
this thesis is to enhance their capacity retention properties and rate capabilities 
without sacrificing their high capacities too much. Three major strategies are used: 
utilization of nanostructured metal oxides, synthesis of specially designed 
morphologies, and incorporation of carbonaceous materials. Overall, this study can be 
divided into four stages, with the contributions of each stage summarized below: 
The first stage aims to maintain the high reversible capacities of metal oxides 
upon cycling. The basic idea is to synthesize metal oxide beads with hollow interior 
and porous shell, followed by carbon coatings. This stage consists of Chapter 3 and 
Chapter 4, with SnO2 and Fe3O4 as the major anode component, respectively. A hard 
templating method was used to synthesize hollow SnO2 beads to achieve 
monodispersed sizes of these beads. Monodispersed polystyrene (PS) spheres were 
synthesized and utilized as hard templates, which facilitated the SnO2 nanopartciles 
attachment and subsequent template removal process. A thin and porous layer of SnO2 
nanopartciles was deposited on PS surface using a well controlled sol gel method, so 
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that the morphology of the active SnO2 layer could be well controlled for a better 
electrochemical performance. Furthermore, a continuous carbon coating layer was 
incorporated on the surfaces. After 50 successive cycles, SnO2@C anode was able to 
deliver a capacity of 495 mAh g-1 with a scan rate of 100 mA g-1. A much simpler 
one-step solvothermal method was used to fabricate porous hollow Fe3O4 beads. The 
formation mechanism of the obtained Fe3O4 beads was proposed on the basis of 
oriented assembly and Ostwald ripening. After being decorated with a carbon coating 
layer, the Fe3O4/C composite beads showed an enhanced capacity of 700 mA h g-1 
after 50 cycles at 100 mA g-1. Such satisfactory cycling performances of SnO2@C and 
Fe3O4/rGO were contributed by high theoretical capacities of metal oxides, 
nano-sized active particles, hollow porous structure that mitigated the volume change 
problem, and carbon coating layer that enhanced both the electronic conductivities 
and structure integrities. 
Based on stage one, the second stage used two-dimensional graphene sheets to 
further enhance the cycling properties of metal oxides and was discussed in Chapter 5. 
Porous hollow Fe3O4/rGO composites were synthesized via a one-step solvothermal 
method. The formation of hollow porous Fe3O4 beads and reduction of GO into rGO 
were accomplished in one step by using EG as reduction agent. In this composite 
structure, the hollow porous Fe3O4 beads were either chemically attached or tightly 
wrapped with rGO sheets, leading to a strong synergistic effect between them. As a 
result, the obtained Fe3O4/rGO composite electrode delivered a reversible capacity of 
1039 mAh g-1 after 170 cycles between 3 V and 50 mV at a current density of 100 mA 
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g-1, with an increment of 30 % compared to its initial reversible capacity, 
demonstrating its superior cycling stability. 
The third stage comprises Chapter 6, with the major focus on the improvement of 
rate capability of metal oxide based anodes. In this stage, Robust composite structures 
consisting of Fe3O4 nanoparticles (~ 5 nm) embedded in mesoporous carbon spheres 
with an average size about 70 nm (IONP@mC) are synthesized by a facile two-step 
method: uniform Fe3O4 nanoparticles are firstly synthesized followed by a post 
low-temperature hydrothermal method to encapsulate them in mesoporous carbon 
spheres. The interconnecting pores facilitate the penetration of electrolyte, leading to 
direct contact between electrochemically active Fe3O4 and lithium-ion-carrying 
electrolyte, greatly facilitating the lithium ion transportation. Besides, the 
interconnecting carbon framework provides 3-dimensional continuous electron 
transportation routes. The anodes fabricated from IONP@mC are cycled under high 
current densities, ranging from 500 to 10000 mA g-1. A high reversible capacity of 271 
mAh g-1 is reached at 10000 mAh g-1, demonstrating its superior high rate 
performances.  
The final stage aimed to synthesize a Fe3O4 based anode with well balanced 
electrochemical performances. As described in Chapter 7, ultra-small Fe3O4 
nanoparticles were decorated on graphene surface via a facile hydrothermal method. 
Compared with other reported Fe3O4-based anode composites, USIO/G demonstrated 
superior cyclic ability and excellent rate capability owing to its ultra-small size of 
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active lithium storage sites, Fe3O4, with an average diameter less than 5 nm. 
Furthermore, graphene nanosheets played an important role in the overall 
electrochemical performance of the composite by enhancing the electrical 
conductivity, forming a flexible network, and providing extra lithium storage sites. 
The obtained composites were tested for electrochemical performance for a total 
number of 2120 cycles: rate capability test with current densities ranged from 90 to 
7200 mA g-1 for 920 cycles; followed by a cycling test at 1800 mA g-1 for 1200 cycles. 
To the best of author’s knowledage, this is the longest cycling test performed on 
Fe3O4 based anodes. Such USIO/G composite showed excellent high rate 
performance and cyclic stability. Specifically, for the rate capability test, steady 
reversible capacities were delivered under each current density with last reversible 
capacities of 1177, 1096, 833, 488, 242, and 146 mAh g-1 at 90, 180, 900, 1800, 3600, 
7200 mA g-1, respectively. The subsequent cyclic test demonstrated the superior cyclic 
stability of USIO/G and a reversible capacity of 437 mAh g-1 at the 2120th cycle was 
delivered.  
This thesis discusses the synthesis and electrochemical performances of metal 
oxides combined with glucose-derived carbon, mesoporous carbon, and graphene. 
Therefore, a comparison between anode composites with different carbonaceous 
supporting materials seems necessary. The electrochemical performances, including 
initial/final capacities at different current densities and capacity changes per cycle, 





















100 712 50 496 -4.32 
533 557 50 392 -3.30 
Chapter 4 
Fe3O4/C 
100 772 50 699 -1.46 
500 655 50 573 -1.64 
Chapter 5 
Fe3O4-rGO 
50 965 10 993 +2.80 
100 801 170 1039 +1.40 
500 692 20 647 -2.25 
1000 443 20 396 -2.35 
1500 297 20 246 -2.55 




500 712 20 576 -6.80 
1000 517 20 511 -0.30 
1500 480 20 492 +0.60 
2000 469 20 483 +0.70 
3000 454 20 447 -0.35 
4000 406 20 399 -0.35 
5000 367 20 366 -0.05 
6000 339 20 342 +0.15 
7000 342 20 319 -1.15 
8000 298 20 303 +0.25 
9000 285 20 287 +0.10 
10000 271 20 271 0.00 
Chapter 7 
USIO/G 
90 1177 4 1140 -9.25 
180 1096 4 1097 +0.25 
900 960 147 833 -0.86 
1800 649 284 488 -0.57 
3600 361 281 242 -0.42 
7200 186 200 146 -0.20 
Figure 8-1: Summary of electrochemical performances for the metal 
oxides/carbonaceous materials composites in this thesis. 
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As shown in the figure, the highest reversible capacity achieved in this thesis 
work is 1177 mAh g-1 under the current density of 90 mA g-1 for USIO/G discussed in 
Chapter 7. Such high capacity value was achieved by ultra-small size of Fe3O4 
nanparticles and extra storage sites provided by graphene networks. Nevertheless, the 
initial capacities of other composites under low current densities (~100 mA g-1) are all 
much higher than the theoretical capacity of graphite, 372 mAh g-1. The most 
astonishing cycling performance was achieved by Fe3O4-rGO from Chapter 5. Under 
the current density of 50 mA g-1, its reversible capacity increased from 965 to 993 
mAh g-1, corresponding to an increment of 2.80 mAh g-1 per cycle. In addition, the 
reversible capacity of Fe3O4-rGO still slowly increased from 801 to 1039 mAh g-1 
through another cycling test of 170 cycles at 100 mA g-1. The void space provided by 
the porous hollow Fe3O4 beads and graphene network both played crucial effects in 
such satisfactory cycling performance. IONP@mC-600 has been tested under the 
highest current density (10000 mA g-1) in this thesis. Excellent performances were 
recorded: 271 mAh g-1 was delivered as the initial capacity with almost no decay 
during the subsequent cycles. This means that such anode can be fully charged in just 
about 1.5 minute, and still deliver a decent capacity (much higher than the capacity of 
another popular anode material, TiO2). The superior high rate performance of 
IONP@mC-600 can be ascribed to the carefully designed conduction channels for 





Figure 8-2: Comparison of rate capability of different composites in this thesis.  
The capacity vs. current density chart for different composites is shown in Figure 
8-2. It shows that the blue and red lines, which correspond to the composites with 
glucose-derived carbon, showed the lowest capacities. Fe3O4-rGO and USIO/G (the 
green and black lines) showed similar curve shapes, which might be due to their same 
carbonaceous supporting materials. IONP@mC-600 (purple line) demonstrated the 
lowest capacity drops as current density increased. From such chart, it can be clearly 
observed that USIO/G (black line) showed the best overall performances; while the 
electrochemical performances of IONP@mC-600 (purple line) demonstrated the best 
high rate performances.   
Three kinds of different carbonaceous supporting materials have been used in the 
composite anodes in this thesis: glucose-derived carbon, mesoporous carbon, and 
graphene. Glucose-derived carbon had the simplest synthetic procedure. No 
dangerous or toxic chemical was involved. According to the results for SnO2@C and 
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Fe3O4/C from Chapter 3 and 4 respectively, the improvement of such carbonaceous 
materials on the overall electrochemical performance was limited. Mesoporous carbon 
beads required a complicated synthetic method, which included the usage of 
formaldehyde. Besides, the incorporation of Fe3O4 nanoparticles was a not 
straightforward process, either. The composite structure of Fe3O4 nanoparticles 
incorporated in mesoporous carbon was specially designed for high rate battery 
performance. The mesoporous carbon framework and mesopores provided high speed 
channels for transportation of electron and lithium ion, respectively. Although good 
cyclic stability and excellent rate capability were recorded, IONP@mC-600 can only 
achieve moderate capacity. Such problem was solved by incorporating graphene into 
the metal oxide composites. Other than providing excellent electron and lithium 
conduction channels, graphene network can also contribute extra capacity by 
accommodating lithium on its surface. By further reduction of metal oxide particle 
size, superior overall performance can be achieved by USIO/G shown in Chapter 7. 
8.2 RECOMMENDATIONS FOR FUTURE WORKS 
8.2.1 ULTRA-SMALL TIN OXIDE AND GRAPHENE COMPOSITE 
In Chapter 7, the composites consisting of ultra-small Fe3O4 nanoparticles and 
rGO nano-sheets showed satisfactory well-balanced electrochemical performances. 
Therefore, a possible future work is to synthesize ultra-small SnO2 (USTO) 
nanoparticles and combine them with rGO nanosheets. As reported by C. Kim et al in 
2005, when the sizes of SnO2 particles were controlled around 3 nm, the reversible 
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capacities showed negligible fading over cycles.[185] By applying similar experimental 
procedure as described in Section 7.2, some preliminary results for USTO/G 
composites were obtained. 
Figure 8-3 shows the preliminary results of USTO/G examined by (A) SEM and 
(B-D) EDS. Under SEM, the morphology of USTO/G mimics that of pristine 
graphene due to the very small sizes of USTO particles. The cloudy patterns observed 
in Figure 8-3A correspond to the USTO nanoparticles. The element mappings of tin, 
carbon, and oxygen elements demonstrate the uniform distribution of USTO 
nanoparticles without any obvious agglomerations, which is beneficial for the 
resultant electrochemical performances. 
 
Figure 8-3: (A) SEM image of USTO/G and the corresponding EDS mapping in the 
same area with relative intensities of (B) tin, (C) carbon, and (D) oxygen.  
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The morphologies of USTO/G composite were further examined by TEM with 
two different magnifications and are shown in Figure 8-4. Figure 8-4A shows a 
uniform attachment of USTO nanoparticles on graphene surface. Under high 
resolution TEM as shown in Figure 8-4B, distinct USTO nanoparticles can be 
observed, with an average size calculated to be around 3.2 nm. Such size matches the 
reported value of the best capacity retention properties.[185]  
 
Figure 8-4: (A) TEM and (B) high resolution TEM images of ultra-small 
USTO/G composites. 
With these preliminary results shown above, the electrochemical performances 
for such USTO/G seems to be promising. Therefore, more characterizations and 
analysis of such composite are needed for a complete work. 
8.2.2 SYNERGISTIC EFFECT BETWEEN IRON OXIDE AND TIN OXIDE 
In literature, a possible synergistic effect between iron oxide and tin oxide has 
been proposed.[186, 187] By combing these two metal oxides, the resultant capacity has 
been reported to exceed either one of them. Below are the principle electrochemical 
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reactions for Fe3O4 and SnO2: 
Fe3O4 + 8e- + 8Li+ <-> 3Fe0 + 4Li2O     (8.1) 
SnO2 + 4 Li+ + 4 e- -> Sn + 2 Li2O       (8.2) 
Sn + x Li+ + x e- <-> LixSn (0 ≤ x ≤ 4.4)   (8.3) 
Firstly, the reduction of SnO2 to Sn was generally considered irreversible, since 
Sn was not able to react with Li2O. On the other hand, the conversion reaction of 
Fe3O4 generated nanograins of Fe, which could subsequently react with Li2O to make 
such reaction reversible. Thus, when SnO2 and Fe3O4 were finely grown together, Fe 
nanograins generated from the Fe3O4 conversion reaction in situ were able to promote 
the reversibility of reaction (equation 8.2), thus improve the overall capacity.[186-189] 
Secondly, Li2O was excess for the conversion reaction of Fe3O4 (equation 8.1) since it 
was also formed in the reduction of SnO2 (equation 8.2), thus making the oxidation of 
Fe more easily and enhancing the reversibility of the conversion reaction (equation 
8.3).[186] 
Fe3O4 and SnO2 nanostructures with various morphologies have been 
synthesized in this thesis. Therefore, several possible combinations between the two 
metal oxides are possible.  
Figure 8-5 shows several possible combinations between SnO2 nanostructures 
and porous hollow Fe3O4 beads synthesized in Chapter 4. By varying the pH value of 
solution, SnO2 (Figure 8-5A) nanoparticles and (Figure 8-5B) nanorods and can be 
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formed and grow on surfaces of porous hollow Fe3O4 beads heterogeneously. While 
the electrochemical performances of SnO2 nanoparticles/Fe3O4 shown in Figure 8-5A 
has preliminarily studied and showed higher capacities than that of pristine porous 
hollow Fe3O4 beads, such synergistic effect seems promising and worth for further 
study.[190]  
 
Figure 8-5: SnO2 Nanoparticles grown on hollow porous Fe3O4 beads at different time 
intervals: (A1) 0 h. (A2) 2 h, (A3) 5 h, and (A4) 8 h. SnO2 nanorods grown on hollow 
porous Fe3O4 beads at different time intervals: (B1) 0 h, (B2) 2 h, (B3) 5 h, and (B4) 8 
h. 
Moreover, with some adjustments in experimental procedures, both USIO and 
USTO can be decorated on graphene surface. Such composite is expected to have 
even better electrochemical performances that those of USIO/G discussed in Chapter 
7 due to the synergistic effect between the two oxides. Figure 8-6 shows some 
preliminary results, demonstrating the successful formation of such composite and the 
uniform distribution of both of Fe3O4 and SnO2. More characterizations and 
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electrochemical tests are required to evaluate the battery performances of 
USIO/USTO/G and explore the synergistic effect between the two metal oxides. 
 
Figure 8-6: (A) SEM image of USIO/USTO/G and the corresponding EDS mapping 
in the same area with relative intensities of (B) carbon, (C) oxygen, (D) iron, and (E) 
tin. (F) EDS spectrum with table presenting weight and atomic percentages for 
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